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ABSTRACT 
This dissertation focused on the generation and evaluation of web-based versions 
of Vandenberg's Mental Rotation Test. Memory and spatial visualization theory were 
explored in relation to the addition of a visuo-spatial working memory component. 
Analysis of the data determined that there was a significant difference between 
scores on the MRT Computer and MRT Memory test. The addition of a visuo-spatial 
working memory component did significantiy affect results at the .05 alpha level. 
Reh'ability and discrimination estimates were higher on the MRT Memory version. The 
computerization of the paper and pencil version on the MRT did not significantiy effect 
scores but did effect the time required to complete the test. 
The population utilized in the quasi-experiment consisted of 107 university 
students fi^om eight institutions in engineering graphics related courses. The subjects 
completed two researcher developed. Web-based versions of Vandenberg's Mental 
Rotation Test and the original paper and pencil version of the Mental Rotation Test. One 
version of the test included a visuo-spatial working memory loading. 
Significant contributions of this study included developing and evaluating 
computerized versions of Vandenberg's Mental Rotation Test. Previous versions of 
Vandenberg's Mental Rotation Test did not take advantage of the ability of the computer 
to incorporate an interaction factor, such as a visuo-spatial working memory loading, into 
the test. The addition of an interaction factor results in a more discriminate test which will 
lend itself well to computerized adaptive testing practices. 
ix 
Educators in engineering graphics related disciplines should strongly consider the 
use of spatial visualization tests to aid in establishing the effects of modem computer 
systems on fundamental design/drafting skills. Regular testing of spatial visualization skills 
will result assist in the creation of a more relevjint curriculum. Computerized tests which 
are valid and reliable will assist in making this task feasible. 
1 
CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
"Engineering graphics is in a transition phase in which many educational practices are 
being challenged by new technologies and increased scholarly activities" (Wiley, 1990, p.39). 
The development of powerful computers and robust software programs has resulted in a 
dynamic and changing graphics and design curriculum. Solid modeling, parametric solid 
modeling, rendering, and animation are terms which have become commonplace in both 
education and industry. The effect of these dynamic technologies on curricula and spatial 
ability in industrial technology and engineering disciplines has yet to be established. A 
common question among educators in graphics and design curriculum involves the effect of 
Computer Aided Drafting (CAD) on the drafting and design fundamentals which in the past 
were mastered through manual drafting practices. Croft (1998) believes that given the effea 
of CAD on descriptive geometry, a foundation of Engineering Graphics, an even greater 
command of spatial abilities may be required for student success. 
The capacity of spatial abilities to predict success in a wide range of math, science, 
engineering, and technical fields has been shown in both psychology and engineering graphics 
disciplines alike (Miller and Bertoline, 1991). "Visualization of problems is critical for success 
in engineering education. In most cases it is an essential ingredient for student understanding" 
(Sorby and Baartmans, 1996, p. 13). Experimental psychology has a tradition of exploration 
of spatial abilities as they are related to the three-dimensional (3D) form and more specifically 
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in recent studies dealing with the design of computer displays to assist in the visualization of 
the 3D form (Weibe, 1993). 
Spatial abilities measurement has been studied in virtually all age groups and facets of 
society. Spatial abilities research has resulted in many paper and pencil tools for the 
measurement of various unique spatial factors. Several hundred tests have been developed for 
the express function of measuring spatial abilities, all of which might prove to be valid 
measures of spatial ability. Though Branoflf (1998) indicates many tests claim to measure an 
individual's spatial ability, research has shown that often these tests do not measure the same 
spatial ability factor. Many tests have been developed, and yet many of these tests have been 
withdrawn by the author, lost, or have been declared restricted. Regardless of what aspect of 
spatial ability these test have been purported to measure, virtually all of these tests to this date 
have been paper and pencil in nature (Eliot & Smith, 1983). As occurs with many tests, the 
measurement and evaluation of spatial ability remains a lengthy process. 
Paper and pencil tests are limited due to a lack of interaction that is possible with the 
test taker. Kline (1986) discuses how several spatially related test items could be positively 
mfluenced by computerized testing. Kline indicates rotated shape identification and imbedded 
figures in a dot matrix for the measure of spatial ability could be positively effected due to the 
interaction that is possible with the computer. Interactive tests, which allow subjects to 
manipulate the interface of the test, may prove to be more accurate and eflBcient measures of 
student spatial visualization ability. 
The testing of spatial abilities may become more widely accepted in graphics curricula 
if valid tools were developed that would quickly, accurately, and reliably measure spatial 
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abilities. Widespread testing of spatial abilities may be an initial step in the development of a 
graphic curriculiim that will achieve greater levels of success for students in related 
disciplines. Establishing and reporting students' spatial abilities followed by instrumentation 
designed to eliminate weaknesses would then be possible (Miller & Bertoline,1991). The 
widespread testing of spatial abilities will require an accessible, reliable, and valid adaptive test 
for spatial abilities. This test should be web based for easy access, distributed freely among 
educational institutions, and allow for ready measurement of a student's true spatial ability 
level. Prior to this occurrence, an effective method(s) for the measurement of spatial abilities 
must be identified. 
Two predominant factors emerge from the literature, spatial orientation and spatial 
visualization. Spatial orientation is the ability to remain unconflised when the position relative 
to a visual stimulus is changed. Spatial orientation has been linked to ability in map reading 
and sense of direction (McGee, 1979). Spatial visualization is the ability to mentally 
manipulate an object in an imaginary 3D space and create a representation of the object from a 
new viewpoint. Achievement in spatial visualization has been found to be correlated to 
success in mathematics and engineering disciplines (Miller & Bertoline, 1991). Spatial ability 
measurement must evaluate the correct segment of spatial ability, such as visualization or 
orientation, in a discriminating fashion. It is because of this correlation to engineering 
graphics related disciplines that this study focused on the spatial visualization aspect of spatial 
ability. 
French (1951) defined spatial visualization as: "The ability to comprehend the 
imaginary movement in three-dimensional space or to manipulate objects in imagination." 
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McGee's (1979, p. 893) definition of spatial visualization includes; "The underlying ability 
seems to involve a process of recognition, retention, and recall of a configuration... ." 
Definitions of spatial visualization usually contain some indirect mention of a short term 
memory component. "Working memory plays a crucial role in various domains of higher level 
cognition. Comprehending a complex sentence, mentally rotating an unfamiliar geometric 
figure, and solving a difficult reasoning problem for example, all hinge on the person's ability 
to store various intermediate products of a computation while simultaneously processing new 
information" (Shah & Miyake, 1996, p.4). 
Computerized testing may change the way we evaluate spatial-visual reasoning and 
memory (Hunt & Pellegrino, 1985). Kail (1997) found that performance on spatial memory 
span tasks were largely predicted on imagery skill. It is apparent that some type of a memory 
component is a critical part of spatial visualization. The integration of this memory 
component may result in a better measure of spatial visualization. 
Spatial visualization abilities and working memory are often linked using the terms 
"visuo-spatial scratch pad" or "visuo-spatial working memory" (Logie, 1995). Visuo-spatial 
working memory is believed to be the component of the mind responsible for temporary 
storage of visual and/or spatial material. Logie assumes visuo-spatial working memory to be 
responsible for generating and then maintaining visuo-spatial information, this would include 
mental imagery (Shah & Miyake, 1996). It is suggested that a visuo-spatial working memory 
may have a significant effect on spatial visualization abilities. Within tests of spatial 
visualization used in engineering graphics related disciplines and the corresponding literature, 
there is no mention of a visuo-spatial working memory component. 
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While there are many tests of spatial visualization, they all should "reflect the processes of 
apprehending, encoding, and mentally manipulating spatial forms" (Carroll, 1993, p.309). 
Two tests of spatial visualization have been identified in the engineering graphics related 
disciplines and are utilized in the paper and pencil form. These are the Purdue Spatial 
Visualization Test (PSVT) (Figure 1.1) and the Mental Rotation Test (MRT) (Figure 1.2) 
Both appear fi-equently in the Engineering Design Graphics Journal for the assessment of 
spatial skills (Deno, 1995, Devon et al., 1994, Sexton, 1992). The MRT was chosen as the 
basis for this study based on the reported reliability of .88 using Kuder-Richardson formula 20 
(KR20) using an N=3268 (Vandenberg & Kuse, 1978). 
0 
Figure 1.1 Example of The Purdue Spatial Visualisation Test (PSVT) 
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2 1 3 4 
Figure 1.2 Example of Vandenbure's Test ofThree-dimensional Spatial V».qiali7.ation 
(1971) rEliot and Macfarlane. 1983). 
Both of these tests may in fact measure a form of a visuo-spatial working memory 
component, as several of the definitions for spatial visualization imply, although this 
component is not mentioned or emphasized. This research ascertain whether computer 
versions of Vandenberg's Mental Rotation Test are statistically equivalent to a paper and 
pencil version of the test as well as to ascertain if a test designed to capitalize on working 
memory will prove to be an effective measure of spatial visualization. 
Problem of the Study 
The problem of this study was twofold: 
1. To determine if there was a difference in student performance by individuals taking a 
paper and pencil form of the MRT developed by Vandenburg, compared with a 
computerized version of the MRT (MRT Computer), developed by the researcher. 
2. To determine if there was a difference on student performance by individuals taking the 
MRT Computer test compared with those completing a version designed to emphasize 
visuo-spatial working memory (MRT Memory), developed by the researcher. 
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The Purpose of the Study 
There were three purposes to this study: 
1. To develop an effective interactive interfece based on reliability, and 
discrimination, for delivery of a MRT for spatial visualization using the 
microcomputer among general students in engineering graphics related disciplines. 
2. To add to the existing body of knowledge and research on the area of spatial 
visualization and visuo-spatial working memory. 
3. To assist the principal investigator in developing a research agenda for continued 
growth in the profession. 
Need for the Study 
Educational Testing Service (ETS) located in Princton, New Jersey, has converted 
many paper and pencil tests to computerized interfaces. This transition has resulted in new 
assessment formats, reduced testing times, and quicker score feedback (www.ets.org, 1999). 
Traditional paper and pencil tests of spatial abilities have not been well embraced, perhaps 
because of time considerations involved with both student completion and instructors grading 
of the test. Computer directed tests have alleviated the problem associated with time involved 
in grading the test, as well as presents an opportunity for more interaction and involvement 
between the "test taker" and the test which may be more effective in determining spatial 
visualization ability than 2D paper and pencil test simply converted to 2D computerized tests. 
Murphy and Davidshoflfer (1988) express that it is not a matter of whether to develop 
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computerized tests, but how to best utilize the computer's capabilities to improve the quality 
of tests. "Instead of thinking of the role of computers in psychological assessment solely as 
'scoring machines' or toys, we need to think of them in terms of the broader potential they 
oflfer for improving and expanding the practice of human development" (Butcher, 1987, p. 
16). 
Computerization is necessary and beneficial when timing, stimulus control, dynamic 
graphic presentation or limited exposure to the material is a requirement for test items 
(Murphy & Davidshoflfer, 1988). Computerized testing allows for unobtrusive monitoring of 
response times. Completion times may provide additional information about examinees' 
ability in addition to thier test scores (Scrams & Schnipke, 1997). 
One of the most important skills a student or engineer possesses is the ability to think 
and analyze in three dimensions (Warner, 1949). Many of the recent studies surrounding 
spatial visualization have been related to the effect of 3D software and visualization of 3D 
objects on spatial visualization. Devon et al. (1994) studied the effect of teaching solid 
modeling over wire fi-ame modeling in an introductory engineering graphics course. Findings 
concluded that solid modeling did improve spatial visualization skill more than wire frame 
modeling and increased student motivation. In a similar study. Sexton (1992) found that there 
was not a significant difference in spatial visualization ability when instruction was given with 
traditional and 3D CAD methods. The studies both used the paper and pencil version of the 
MRT and yielded inconclusive results. 
Miller and Bertoline (1991), in an article discussing the development of design 
graphics curriculum, promoted the development of interactive spatial abilities tests. These 
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tests, using state of the art equipment and statistical techniques, would allow for identification 
of those students with spatial ability deficiencies. Based on the results of such tests, a 
curriculum which strengthened spatial abilities could be developed and therefore advance 
students in their study of engineering graphics. Sorby and Baartmans (1996) in a course 
specifically design to compensate for students who had been identified as having low spatial 
abilities, were able to improve students' performance in subsequent graphics courses by using 
a text specifically designed to improve spatial visualization. Students in the course with the 
modified curriculum performed better than other students who had not taken the course and 
also had higher spatial abilities. 
Shah and Miyake (1996) suggest, based on the studies of Just and Carpenter, that 
individual differences in spatial ability may be accounted for, in part, by differences in spatial 
working memory capacity. Several studies have postulated that the ability to store spatial 
information while simultaneously performing mental operations may be an important part of 
spatial ability. Baddeley (1993) indicates one method of displaying and manipulating spatial 
information is through visuo-spatial working memory which is dependent on the working 
memory component of the "central executive system." Shah and Miyake in their research 
found "spatial span," a fiinctional measure of working memory capacity, significantly 
correlated with spatial ability measures. Because of the scarcity of measures for spatial 
working memory that includes storage and processing components, these studies had to rely 
on the relationships between tests of both spatial ability and working memory (Shah & 
Miyake, 1996). The MRT with the added visuo-spatial memory component may contribute to 
establishing the relationship of memory to spatial ability. 
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Research Questions 
There are four research questions associated with this study: 
Research Question 1 
Does the type of test interface (paper and pencil MRT, MRT Computer, or MRT Memory) 
significantly impact the individual test scores, while testing spatial abilities? 
Research Question 2 
Does the type of test interface (paper and pencil MRT, or MRT computer) significantly 
impact the time required for completion of each test? 
Research Question 3 
Does visuo-spatial memory loading significantly efifect the individual test scores between MRT 
computer and MRT memory test versions? 
Research Question 4 
Does the type of test (MRT computer, or MRT memory) significantly impact the time 
required for completion of each test? 
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Hypotheses of the Study 
The following research hj^otheses were formulated and tested 
Null Hypothesis 1 
There was no significant difference in the mean test scores of subjects who completed the 
paper and pencil administrated MRT and those who completed the MRT Computer version of 
the test for spatial visualization. 
Statistical Hypothesis 1 
HO: HScoreMRT = |J.ScoreMRTC 
HA: JiScoreMRT H-ScoreMRTC 
Null Hypothesis 2 
There was no significant difference between time required to complete the paper and pencil 
MRT and the MRT Computer versions of the test spatial visualization. 
Statistical Hypothesis 2 
HO: UrnneMRT = HTmcMRTC 
HA: UTimeMRT H-TimcMRTC 
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Null Hypothesis 3 
There was no significant difference between the test scores of the subjects who completed the 
MRT Computer test and those who completed the MRT Memory test for spatial visualization. 
Statistical Hypothesis 3 
HO: HScoreMRTC = M-ScoreMRTM 
HA: {XscoteMRTC M-ScoicMRTM 
Null Hypothesis 3 a 
There was no significant difference between the test score discrimination for spatial 
visualization using the MRT Computer test and the discrimination for the MRT 
Memory test for spatial visualization. 
Statistical Hypothesis 3 a 
HO. [i-DiscnmiiiationMRC l^DisctriinmationMRTMD 
HA. pilJisctriminationMRC ^ l-lDisctrimiiuition\IRTMD 
Null Hypothesis 3b 
There was no significant difference between the test score reliability for spatial 
visualization using the MRT Computer test and the MRT Memory test for spatial 
visualization. 
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Statistical Hypothesis 3 b 
HO: HReliabilityMRC = UReliabilityMRTMR 
HA: [iRcUabilityMRC liRcliabOityMRTMR 
Null Hypothesis 4 
There was no significant difference between the time required by subjects to complete the 
MRT Computer and the time required by subjects to complete the MRT Memory test for 
spatial visualization. 
Statistical Hypothesis 4 
HO: laximcMRC == UTimcMRTM 
HA; |J.TimeMRC M-TimeMRTM 
Procedures of the Study 
The following procedures were used in this study: 
1. Identify the research problem. 
2. Review the literature pertaining to spatial abilities, spatial abilities testing, and 
computerized testing. 
3. Identify a sample of university students fi"om Engineering Graphics related disciplines. 
4. ConstrucT tests representative of spatial visualization ability and testing 
interfaces. 
5. Obtain approval fi-om the Human Subjects in Research Committee at Iowa State 
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University. 
6. Conduct Phase 1A to ascertain preliminary test reliability and validity, and size of 
sample for Phase 2 and to determine the answer to research question one and two. 
7. Rewrite the test and procedures, and conduct Phase IB of the study as needed. 
8. Collect data for Phase 2 portion of the study from the identified sample. 
9. Analyze the data using appropriate statistical analysis. 
10. Write the final report, conclusions, and recommendations based on the findings from 
the data. 
11. Present findings in a final oral presentation. 
Assumptions of the Study 
1. Spatial visualization is a valid construct for the measure of the ability to mentally 
manipulate objects in space. 
2. The type of computer (monitor, CPU, or input devices) on which students completed 
the computerized versions of the MRT tests had no effect on the test results. 
3. The limited hand movement needed to manipulate objects in the MRT Memory test had 
no significant impact on subjects' test scores. 
4. The subjects participated with maximum effort. 
5. The subjects' spatial ability did not change over the period of the study. 
6. The directions were presented with limited bias. 
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7. The effects of variables other than the independent variables and control variables were 
randomly distributed throughout the results. 
8. The errors and test scores are random, independent, and normally distributed. 
Limitations of the Study 
The study was subject to the following limitations: 
1. The participants in this study were limited to those students enrolled in a limited number 
of schools during Spring semester 1999. 
2. Only those subjects with access to the world wide web were participants in the study. 
3. Participation in the study was on a voluntary basis. 
4. Spatial visualization ability was measured by one test, Vandenberg's MRT. 
5. Results were restricted by the statistical analyses used. 
Definition of Terms 
Engineering Graphics Related Disciplines: Within the context of this study, "engineering 
graphics related disciplines" were: industrial technology and engineering. 
Spatial Ability: The perception and retention of visual forms and/or the mental manipulation 
of visual shapes and objects. 
Spatial Cognition: "Inner space or spatial cogmtion, the spatial features, properties, 
categories and relations in terms of which we perceive, store and remember objects, persons. 
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events, and on the basis of which we construct explicit, lexical, geometric, cartographic, and 
artistic representations" (Olson and Bialystok, 1983, p. 2). 
Spatial Orientation: "The comprehension of the arrangement of elements within a visual 
stimulus pattern and the aptitude to remain unconfiised by the changing orientation in which a 
spatial configuration may be presented" (McGee, 1979, p. 4). 
Spatial Perception: A fimction or subsystem of spatial cognition which involves collecting 
information or imagery for cognition (Miller and Bertoline, 1991). 
Spatial Visualization: "The ability to mentally manipulate, rotate, twist, or invert a pictorially 
presented stimuli object" (McGee, 1979, p. 3-4). 
Visuo-Spatial Working Memory: A working memory subsystem assumed to be responsible 
for generating and maintaining visuo-spatial information (Shah & Miyake, 1996). 
WebCT: A server resident software designed to provide an online interface for delivery of 
academic material over the internet. 
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CHAPTER 2. LITERATURE REVIEW 
Overview 
This chapter reviews the literature and research associated with this study's topic. 
Information associated with test theory, memory, spatial abilities, spatial visualization, and 
measures of spatial abilities are presented in this chapter. This information is a review of 
underlying knowledge found for this study. 
Test Theory 
In psychological testing there are a number of components which determine the 
eflfectiveness of a test. Test scores, their reliability, and discrimination all contribute to the 
usefulness of a test to determine a subject's ability level. 
Reliability 
Reliability is internal consistency within itself. A test is self-consistent or reliable if it 
yields the same score for each subject on retesting. Test-retest reliability is dependent on the 
scores from a set of subjects tested on two occasions. If the two scores are highly correlated 
then there is a high degree of reliability. This type of test reliability is dependent on 
minimization of standard error. A minimum level of reliability is .7, as anything smaller than 
this has such a large standard error that interpretation of scored items is dubious (Kline 1986) 
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Problems with the test-retest method includes possible fluctuations in subjects' ability levels 
over time, and whether subjects show the eflfects of practice, memory, learning, or boredom as 
a result of completing the test once (Crocker and Algina, 1986). 
A second way of measuring reliability is using the split-half method. The split-half 
method of estimating reliability provides a solution to several of the diflScuIties associated with 
the test-retest method. The split-half method takes an existing test and splits it into halves. 
Scores from the two halves are then compared with each other and a reliability score is 
calculated. This method eliminates the need to develop alternative forms of a test and the 
need for two separate test administrations. Carry-over effects, reactivity effects, and effects 
of change over time on true scores are minimized by the split-half method (Murphy & 
Davidshofer, 1998). 
One popular method for computing split-half reliability is the Spearman Brown 
prophecy. The Spearman Brown prophecy first establishes the correlation coeflBcient between 
the two half tests and then recalculates for the entire test. The coefficient for the half tests 
tends to underestimate the reliability coeflBcient for the whole test. To overcome the 
underestimate the Spearman Brown prophecy is employed. The Spearman Brown prophecy 
formula is shown below. 
PXX-n—2pal/i Pab 
Where pxx is the reliability projected for the full-length test, and pab is the correlation 
between the half-tests (Crocker &Algina, 1986). 
Another method for calculating reliability which is based on difference scores uses the 
Rulan or Guttman formula. These formulas are different than the Spearman Brown prophecy 
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in that it does not assume equal reliabilities or equal variances for the two parts. The Rulan 
formula is shown below. 
Psc' = 1 -
Where pxx is the reliability projected for the full-length test, and is the variance of 
the diJBference scores (Crocker &Algina, 1986). 
Both the Spearman Brown prophecy and Guttman formulas do not possess the ability 
to yield a unique estimate of the tests' reliability coeflBcient. There are multiple ways of 
splitting a test into halves, all of which may derive different results. Procedures to overcome 
this problem have been developed. The Kuder Richardson 20, Cronbach's alpha, and Hoyt's 
analysis of variance are all such procedures which yield identical results. The term "coeflBcient 
alpha" will be used to refer to this class of procedures. CoeflBcient alpha procedures are based 
on the average inter-item correlation. Alpha is the mean of all possible split-half coeflBcients 
using a diflference method such as Guttman's. One of the best known methods to calculate 
coeflBcient alpha with dichotomously scored items is the Kuder Richardson 20 (KR20). The 
formula for the KR20 is shown below; 
KR20 = k/k-l (1-2^/c^x) 
Where k is the number of items on the test, o^x is the total test variance, and pq is the 
variance of item / (Crocker «S:Algina,1986). 
CoeflBcient alpha is not considered a direct estimate of the reliability coeflBcient. However, it 
can be considered the lower bound to a theoretical reliability coeflBcient. The actual 
coeflBcient alpha may be some unknown degree higher than the estimated value (Crocker and 
Algina,l986). 
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When two forms of tests are administered on two separate testing occasions a 
coeflBcient of stability and equivalence may be obtained to establish the correlation between 
two forms of a parallel test. The Pearson product moment formula is used to arrive at the 
coefficient of equivalence. The probability the two forms of a test are parallel becomes greater 
as the coeflBcient of equivalence increases. Many standardized achievement tests report 
coeflBcients in the range of .80 and .90 for this type of reliability (Crocker and Algina, 1986). 
Discrimination and Difficulty 
A principal aim of any test is to eflfectively measure the construct which is being 
tested. Test items which eflfectively measure ability on a given construct should result in those 
of high ability getting the question right, while those with low ability incorrectly answer the 
question. Discrimination {£>) measures a question's ability to separate those with high ability 
from those with lower ability and is computed; 
D =Pu-Pl 
Where pu is the proportion in the upper group who answered the question correctly 
and pt is the proportion in the lower group who answered the item correctly. 
The proportion in the upper or lower group may vary. Murphy and Davidshofer (1998) 
recommend a range of anywhere from 25%-35% to be placed in either of these extreme 
groupings. Kelley (1939), in a classic study, recommends using 27% of the total subjects for 
the upper and lower groups. 
All subjects would either correctly answer a given question or all subjects would 
incorrectly answer a given question with a D value of 0, regardless of ability. Such an 
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extreme as a Z) value equal to zero would result in veiy little useable information about the 
subjects' true ability level. A D value of 1 would result when all of the subjects in the upper 
group would get the question right, and all of the subjects in the lower group would get the 
question wrong. Crocker and Algina (1986) give the following guidelines for interpretation of 
D values: 
1. IfZ) > .40, the item is functioning quite satisfactorily. 
2. If .30 < Z) < .39, little or no revision is required. 
3. If .20 < D< .29, the item is marginal and needs revision. 
4. If D < . 19, the item should be eliminated or completely revised. 
Regardless, the acceptable D value may be dependent on the range of ability which the test 
question is intended to measure. For instance, a question with a of 1 separates those of 
very high ability from those of very low ability quite well. The same question with a Z) of 1 
reveals very little about the variability of the lower group, because all of the subjects 
incorrectly answered the question. 
D values are easily calculated but establishing the sampling distribution becomes 
difficult. Questions of statistical significance cannot be answered using D. Analysis using 
correlation coefficients is recommended for establishing statistical significance. Crocker and 
Algina (1986) indicate that it may be acceptable to use multiple methods to establish 
discrimination. Point biserial correlation (ppbis) measures how closely a test item scored 
dichotomously is related to performance on the total test and is calculated: 
Ppbis = ((m- - n.O/ax) -^p/q 
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Where |j^ is the mean criterion score for those who answer the item correctly, Hx is the 
mean criterion score for the entire group and a* is their standard deviation, p is item 
difficulty, q is \-p. 
To establish how hard a given problem is, the measurement of item difficulty is 
derived by a p value using the following formula; 
p value for item / = number of persons answering item /" correctlv 
number of persons taking the test 
This measure of difficulty indicates how many taking a given test answered any 
particular question correctly. A question with a p value of .0 or 1.0 does not contribute to 
measuring individual differences and should be dropped. In order to maximize variability, p 
values of .5 should be considered optimal (Murphy and Davidshofer, 1998). 
Difficulty levels place direct limits on the discriminating ability of an item. If all subjects 
would answer a question wrong (p=.0), the question could not distinguish between those of 
high ability and low ability. The table shown below indicates the maximum D value given a p 
value. 
Table 2.1 Maximum item discrimination as a function of item difficulty (Murphy and 
Davidshofer, 1998). 
Item p value Maximum D 
1.00 0.00 
0.90 0.20 
0.80 0.40 
0.70 0.60 
0.60 0.80 
0.50 1.00 
0.40 0.80 
0.30 0.60 
0.20 0.40 
0.10 0.20 
0.00 0.00 
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Memory 
Exactly how memory works is not entirely known though there have been many 
theories which have been put forth over the years as to the working of the mind. Is the human 
mind made up of one large system, several sub-systems that make up a whole, or multiple 
unrelated systems? Does information pass through long term memory first, then short term 
memory, or visa versa, or is there a difference? Of the many theories, several have stood up 
to the scrutiny of empirical studies and remain as plausible explanations as to how human 
memories work. 
Bisiach (1988) has differentiated between three levels of consciousness which assists in 
directing the way in which research is directed. The first level is a mysterious entity which 
differentiates humans fi"om the rest of the animals and is associated with the concept of having 
a soul. As an abstract concept, empirical research does little and can do little dealing with this 
level. The second level is that of the phenomenal consciousness and deals on a sensory level. 
Phenomenal consciousness involves things such as: taste, smell, the sound of a horn, or the 
feel of pain. The lack of knowledge of how the brain works has limited the development of 
the phenomenal consciousness. The third level refers to the utilization of mental resources for 
cognitive processes. The majority of empirical research occurs at the third level. Research at 
this level has evolved to treat consciousness as an empirical, biological, and psychological 
phenomenon. It is at this level the majority of memory research occurs (Baddeley and 
Andrade, 1998). 
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While many theories have stood up to cognitive psychology testing, advances in 
neuroscience have cast shadows of doubt and have created confusion with respect to some of 
the accepted theories. Magnetic Resonance Imaging (MRI) in recent years has allowed 
scientists to look at the brain during selected cognitive tasks. "However, currently the results 
are not replicable, and there is a strong tendency to over-interpret the results, and worse, to 
avoid any discussion of these over-interpretations" (Harpaz, 1996). The view of Harpaz is 
one of few, the cognitive neuroscience approach to brain research has embraced techniques 
such as positron emission tomography (PET) and MRIs. These processes allow for 
examination of the blood and electrical flow through the brain to pinpoint which areas of the 
brain are utilized during cognitive tasks (Johnson, 1997). Various cognitive tasks and their 
association with the brain are shown in Figure 2.1. As this technology develops, the way 
researchers study memory is sure to evolve. 
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The "Modal Memory Model," developed by Atkinson and Shiffiin (1968), was the first 
comprehensive attempt to divide human memory into several systems. Sensory memory, 
short-term memory and long term memory are the main three components of this model. 
Visual sensory memory, often called "iconic memory," is that which exists only a very short 
time after the presentation of an initial stimulus. Iconic memoiy has been found to last 
between 100ms and one-half of a second from the time a stimulus is presented. Excess iconic 
memoiy span variability may be a result of display intensity. Spans lasting over one-half a 
second often are a result of extremely intense displays (Sakitt, 1976). Extremely short iconic 
memory spans may be due to self reporting where the subject detects when the memory has 
begun to fade rather than completely fades. 
Evidence for iconic sensory memory includes studies where subjects report subsets of 
a display of characters that have been cued by the experimenter after the offset of a display 
and removal of the display. The reporting ability degrades quickly as the cue is delayed, 
indicating a rapidly deteriorating trace. Little is known about the storage capacity of iconic 
memory except that it is greater than that of short term memory. While iconic memory 
capacity may be higher than short term memory, the precision with which it can represent 
images may be limited, (Bjork & Bjork, 1996). 
Auditory sensory storage, often called "echoic sensory memory," is the portion of 
sensory memory dedicated to sounds. Echoic sensory memory has the ability to maintain 
auditory information longer than iconic memory, spans of one to two seconds are common. 
Like iconic memory, little is known about the capacity of echoic memory. Echoic memory 
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does not have a large storage capacity but it is larger than verbal short term memory (Darwin, 
Turvey, & Crowder, 1972). 
While some models of memory still advocate a unitary memory system, evidence for a 
distinction between short term memory and long term memory is compelling. Subjects with 
anterograde amnesia provide evidence for the distinction between long term and short term 
memory. Subjects with this type of amnesia perform well on tasks which require immediate 
serial recall of lists and appear to be "normal" during an uninterrupted conversation. On the 
event of a pause in testing or break in conversation, subjects are not able to recall any prior 
events. Subjects with brain damage having a digit span of one or two items provide further 
evidence for dual memory theory. These subjects should have a defect in verbal short term 
memory if dual memory theory holds true. Shallice and Warrington (1970) found a defect 
does exist where little more than the last item in a list can be recalled. 
The ability to copy and maintain information includes several processes: rehearsal, 
encoding, elaborating, and retrieval. Rehearsal refers to the process that refreshes information 
in short term memory. Encoding is in regard to the mental operation performed on 
information arriving in the sensory system which forms memory traces of the information. 
Elaboration deals with the process that creates the link between new information and 
previously stored old information. Retrieval refers to the process of bringing information 
from memory to current use (Bjork & Bjork, 1996). 
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Long Term Memory 
The process of transferring information into long term memory may involve voluntary 
elaboration. Unlike short term memory, very little information a subject deliberately ignores 
will find its way into long term memory. However, the desire or intention to store information 
in long term memory does not seem to make much difference. This intention does motivate a 
person to process information a certain way so that the information may be more apt to find 
its way into long term memory (Craik and Lockhart, 1972). Information may not need to 
dwell in short term memory to pass on to long term memory. An example of this might be a 
traumatic event. Elaboration in regard to long term memory may also involve the retrieval of 
associated information. The retrieval of information already in long term memory associated 
with new information will assist in strengthening already established memory traces (Carrier 
and Pashler, 1992). While rehearsal does result in a certain amount of long term memory, 
subjects with brain damage have been found not to need short term memory. Subjects with 
defective short term memories possess the ability to recall information normally, on a delayed 
basis (Shallice & Warrington, 1970). 
The retrieval phase of memory was largely neglected until the 1960's. Prior to this 
period, problems with retrieval were often attributed to failures in encoding or storage and not 
the retrieval process itself. The ability to retrieve information may be dependent upon several 
factors. The strength of the memory traces has direct implications for the ease in which 
information can be accessed. Weak memory traces may require powerful retrieval cues while 
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strong memory traces may not require as strong of a retrieval cue. The ability to retrieve 
information may benefit if the cue to retrieve the information is similar to the method in which 
it was originally encoded. If a particular memory is distinctive fi^om that of other memories, it 
may be cued more readily than a memory akin to other memories (Roediger, and Guynn, 
1996). Mantyla (1986) demonstrated the ability of cue compatibility and cue distinctiveness 
to improve retrieval. Mantyla's study required subjects to generate one or three descriptive 
words to describe a particular object. The subjects then recalled what the original object wjis 
based on, one or three of the descriptors. The ability of the subjects to recall with 50%-60% 
accuracy using one descriptor and 90% accuracy with three descriptors was attributed to cue 
compatibility and cue distinctiveness. 
The use of visual spatial representations in long term memory are used to accomplish a 
number of cognitive activities. How these representations are accessed are subject to the type 
of task at hand. Multiple systems may exist to represent different forms of information about 
objects. Cooper and Lang (1996) state, "The variety of ways in which visual-spatial 
information is represented in memory, coupled with the fact that different aspects of those 
memory representation can be retrieved to accomplish different cognitive goals, help to 
account for the flexible and eflScient manner in which stored information about the visual 
world guides our daily behavior." 
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Workmg Memory 
"The term workmg memory refers to the system or systems involved in the temporary 
storage of information in the performance of such cognitive skills as reasoning, learning, and 
cognition" (Baddley & Gathercole, 1996, p. 1). As working memory is defined as effecting 
performance in various cognitive skills, it would intuitively appear to be correlated to general 
intelligence. Kyllonen and Christal (1990) found a positive correlation between high working 
memory capacity and measures of general intelligence among Air Force recruits. Working 
memory plays a role in both speech based and object based information, though the two are 
not necessarily the same. 
The differentiation of verbal and visual roles of working memory has been a source of 
controversy in recent working memory literature (Shaw & Miyake, 1996). There are several 
common questions which surround this controversy. Is working memory unitary in nature or 
are there several pools of resources dedicated to supporting mental processes? What are the 
pools of resources used in memory processes? Two domains of higher level cognition, spatial 
thinking, and language comprehension are often at the center of the working memory 
controversy. 
The Baddeley and Hitch's tripartite working memory system (shown in. Figure 2.2) 
appears fi-equently in the literature to explain the separation of speech based and object based 
information. The tripartite model views working memory as being made up of a collection of 
several specialized components. Each of these components are allocated to a different role in 
meeting task demands (Salway & Logje, 1995). The tripartite model consists of the "central 
30 
executive" and two slave systems; (1) the visuo-spatial sketchpad, which is synonymous with 
visuo-spatial working memory, and (2) the phonological loop. The central executive is the 
most complex and least understood of the tripartite memory model. Often the central 
executive is considered a convenient system to explain what is thought to be a very complex 
part of working memory which is not thoroughly understood. It is assumed to be the link 
between the slave systems and long term memory (Gathercole & Baddley, 1996). The role of 
the central executive is believed to be responsible for reasoning, decision making, and 
coordinating the fimctions of the slave system. This system has been embraced in part 
because it can account for a large amount of data with few assumptions. The system was able 
to disassociate with long term memory while arguing for a short term memory which could be 
usefully fractionated (Logie, 1995). Baddeley and Hitch, in addition to the two slave systems, 
recognized that additional systems might exist such as tactile, kinesthetic and olfactory, 
though little data has been collected to prove or disprove such possible systems (Logie, 1996). 
The phonological loop is believed to contain two components; the verbal store and an 
articulatory rehearsal process. Storage of verbal information in sequential order is the primary 
role of the phonological loop. The verbal store is believed to hold verbal information for 
approximately two seconds before the information fades from the memory trace. This 
information can be held for longer periods of time by articulatory rehearsal, the second 
component of the phonological loop according to the findings of Baddeley (1990). 
Working Memory 
,pnologica| a ^rtcmg ^ 
Fisxire 2.2 Working memory model proposed bv Baddelev ("1986. Baddelev & Hitch. 1974. 
Logie. 1995') 
Articulatory rehearsal involves repeating the information so that it stays "fresh" in working 
memory. While these findings are often accepted, Smyth and Scholey (1994) found that 
phonological information could be maintained in working memory for as long as 10-20 
seconds without the support of articulatory rehearsal. Performance on those items which 
require phonological storage may be effected by several stimulus properties; the similarity of 
the items, the length of the words, the rate at which subjects are able to engage in articulatory 
rehearsal, and concurrent speech or concurrent presentation of speech sounds (Smyth & 
Scholey, 1994). 
Visuo-Spatial Working Memory 
Until recently, investigation of the characteristics of Visuo-Spatial Working Memory 
(VSWM) aspects of the tripartite model was limited in comparison to research done dealing 
with the phonological loop (Toms, Morris, Foley, 1994). Most work which has been done 
dealing with VSWM has been attempting to establish that a VSWM system does in-fact exist. 
The VSWM function may be similar to the phonological loop in that it also has two 
subcomponents; the passive visual temporary store (visual cache) and an active spatially based 
rehearsal mechanism (an inner scribe) (Logie, 1995 ). 
Regarding the VSWM, there is some controversy as to whether a single system deals 
with both visual and spatial information, or if the VSWM may be fiactionalized in some way. 
Baddeley and Lieberman (1980) suggested that the VSWM is not purely visual, but rather 
may be a system dealing with visuo-spatial retention, visuo-spatial perception, and motor 
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control with a spatial component. Logic (1994) states that before the distinction between 
visual and spatial components of VSWM can be determined, new data collection instruments 
must be derived. 
Much of the research done to determine the role of VSWM have dealt with fairly rote 
tasks. What is the role of VSWM on tasks which require encoding as well as memory tasks? 
Edvidence for a spatial/movement link has been indicated in the literature. A 
spatial/movement link could be illustrated by a spatial task (such as a mental rotation of an 
object) being effected by a movement (such as touching a computer screen concurrently). 
Baddeley and Lieberman (1980), and Logie and Marchetti (1991) suggest that the retention of 
spatial information, as well as the retention and production of movements, rely on overlapping 
cognitive resources. Data from nueropsychological studies have indicated it may be the 
planning of an arm movement and not the arm movement itself which impacts task 
performance. It has been shown that when arm movements are passive and subjects cannot 
predict arm movements there is no disruption of task performance. Such a case would be 
when someone else moves a subjects arm for them. However, when arm movement is self 
controlled and predictable, significant interruption in task performance is observed (Logie, 
1994). 
Research has shown support for the separation of the visuo-spatial and verbal 
subsystems through interference of visuo-spatial and verbal activities (Grant, Wright, Thomas, 
1975; Baddeley, & Leiberman, 1980; Wight, &. Thomson 1975; Farmer, Berman, & Fletcher, 
1986). Typical supporting research for the separation of the visuo-spatial and verbal 
subsystems consist of a criterion activity (such as a visual or verbal task) and a distracter (such 
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as a concurrent object tracking). One typical experiment outlined by Bjork and Bjork (1996) 
includes an imagery mnemonic, phonological task and a tracking distracter. Subjects are first 
asked to learn a list of words using im^ery mnemonic by placing the items to be remembered 
along an imaginary walk in a college campus, while simultaneous tracking a moving light. 
Subjects are also asked to remember words by rote repetition while simultaneous tracking a 
moving light. The concurrent tracking task effects the imagery task but does not effect 
performance on the phonological task. Similar experiments have been repeated many times to 
establish the separation of the phonological loop and visuo-spatial working memory (Bjork 
and Bjork, 1996). 
Time Effects on Spatial Visualization 
Just and Carpenter (1985) found that spatial working memory may in part explain 
differences in spatial ability. They found through analyses of eye fixation patterns that those 
with low spatial ability had to start the rotation of a cube face more than once before 
successfiilly manipulating the cube. Those subjects with higher visualization skills were able 
to successfiilly mentally manipulate with fewer attempts. Findings of Carpenter and Just may 
lend support for the belief that students with poorer spatial ability will take longer to complete 
a test of spatial abilities. 
Tests of spatial perception are typicaUy much simpler than spatial visualization but are 
timed. It has been found that this type of test has a low correlation with tests of spatial 
visualization. Spatial perception tests a spatial factor unrelated to spatial visualization. 
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Perceptual tests rely on speed and efiSciency of simple perceptual processes (Shah & Mirake, 
1996). 
Spatial Visualization 
Spatial visualization has been well established as a principal element of design and 
engineering graphics (Miller, 1996). Visualization skills are integral for success in engineering 
education (Sorby and Baartmans, 1996) and in industrial technology. Multimedia tools, 
simulations, distance learning and parametric solid modeling are a few of the contemporary 
trends in education and industry which require the usage of some form of visualization skill. 
While visualization skills are used in many aspects of instruction, they are seldom utilized as 
problem solving tools (Rieber, 1995). 
What is Spatial Visualization? 
Often the term "spatial visualization" is used interchangeably or has been combined 
into the broader terms of visualization and spatial ability (Braukmann, 1991). Likewise, the 
term "spatial ability" has many definitions which makes it difficult to be precise about its 
meaning (Eliot & Mcfarlane,1983). Though this is often the case, two main spatial factors 
consistently emerge from within the visualization discipline; spatial orientation and spatial 
visualization. McGee (1979, p. 893) defines spatial orientation as, "The comprehension of the 
arrangement of elements within a visual stimulus pattern and the aptitude to remain 
unconfused by the changing orientation in which a spatial configuration may be presented." 
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He defines spatial visualization as, "The ability to mentally manipulate, rotate, twist, or invert 
a pictorially presented stimuli object." Spatial visualization involves developing a mental 
image of a given object. Using this mental image, spatial visualization is the ability to 
manipulate the object in an imaginary 3D space and create a representation of the object fi-om 
a new viewpoint. Spatial orientation might involve the ability to predict the correct scenery 
given a body's movement relative to that scenery. Both spatial orientation and visualization 
require some use of short term visual memory. Spatial orientation requires only mental 
manipulation in two dimensional space of a configuration while spatial visualization requires 
serial operations such as rotation in three dimensional space or unfolding of flat patterns. 
Spatial visualization has been found to be correlated to success in mathematics while spatial 
orientation is more closely correlated to sense of direction and field dependence - field 
independence (McGee, 1979). 
History of Spatial Visualization Research 
Spatial visualization has been a central part of the engineering graphics curriculum for 
some time, though it has just recently begun to receive much attention (Miller, 1991). This 
attention is largely due to the vast changes in computer technology. Wiley (1989) claims 
there has been very little significant research fi-om design disciplines. Often when considering 
the history and philosophies surrounding spatial visualization we need to look elsewhere for 
research. Math, science, and psychology have all contributed to spatial visualization research. 
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Eliot and Smith (1983) identified three distinct phases of spatial visualization research. 
Phase One (1901-1938) dealt with an attempt by psychologists to identify a 
single spatial factor. Several studies during this phase led to the identification of a 
spatial factor which was determined important in determining intelligence. Prior to 
this phase visual tasks were not considered an indicator of intelligence. Verbal tasks 
were considered the major indicator of intelligence until the studies of Koussy (1935), 
Kelly (1928), and Thurstone (1938), established visualization as an important aspect of 
visualization (Miller and Bertoline, 1991). 
Phase Two (1938-1961) began to identify the various spatial factors, rather 
than a single factor, and how those factors varied fi'om one another. Two major 
categories of spatial factors were identified. The first category dealt with the ability to 
recognize spatial configurations. The second category included the ability to mentally 
manipulate spatial configurations. Measurement tools for the various spatial factors 
through pencil and paper tests were developed. It was during this time that the term 
spatial visualization arose. 
Phase Three (1961-1982) was an attempt to further separate the various spatial 
factors and establish sources of variation such as age, sex, and experience. Many 
studies found the aforementioned factors; age, sex, and experience, were all sources of 
variation effecting individual differences in spatial ability. 
In engineering graphics, what might be a Phase Four appears to be the process of 
establishing the effects of computer technology on spatial visualization skills and measurement 
of these skills. This research began with establishing the computer as an effective 2D design 
tool and continues today using 3D design tools (Devon, Engel, and Foster, 1994, Jensen, 
1986, Mohler, 1997, Sexton, 1992, Sorby and Baartmans, 1996). 
Any one person's perception of a visual stimulus may be dissimilar to another's. While 
some discrepancies in perception may be impossible to eliminate, spatial visualization skills 
may aid in eliminating technical elements of misinterpretation. Spatial visualization skills have 
been found to be correlated with success in engineering and math fields. Several studies have 
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shown that spatial visualization test scores are more strongly correlated to success in these 
fields than verbal or intelligence test scores (McGee, 1979). 
Factors Effecting Spatial Visualization Skills 
Phase Three has the greatest implications for research done today. Miller (1991) does 
an excellent job of giving an overview of the various research studies and theories surrounding 
spatial visualization research, most of which have come fi'ora Phase Three. Before examining 
the factors which effect spatial visualization, an understanding of spatial cognition is 
appropriate. Olson and Bialystok (1983, p.2) define spatial cognition as; 
Inner space or spatial cognition, the spatial features, properties, categories 
and relations in terms of which we perceive, store and remember objects, 
persons, events, and on the basis of which we construct explicit, lexical, 
geometric, cartographic, and artistic representations. 
Several definitions of spatial cognition do exist which are essentially the same as 
Olson's and Bialystok's definition. One such definition by Miller states, " Spatial cognition is 
the underlying mental process that allows an individual to develop spatial abilities." Those 
with developed spatial cognition may in turn have high achievement on tests of spatial ability 
such as mental and rotational tests (Miller, 1991, p.8). 
In Miller's article and many psychological studies, several factors have been identified 
as having effects on spatial ability. Factors most often identified in psychological and 
engineering graphics circles include; age, experience or individual differences, and gender 
Liben, 1981, McGee, 1979, Bryden, 1966). Other possible factors have been identified such 
as right-brain/left-brain, but these effects have not been fiilly developed. 
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Piaget and Inhelder (1967) identify four stages of spatial cognition based upon age. 
The first, the sensomotor stage, occurs fi-om birth to approximately the age of two. The child 
operates in a purely egocentric view of the world and knowledge is gained by perceptual 
sensation. The intuitive or pre-operational stage occurs fi-om ages two to about seven. The 
child continues to fimction in an egocentric fi^me of reference and knowledge is gained by 
touch. The concrete operational stage occurs between ages of seven through twelve. During 
this stage children begin to develop spatial thoughts which are independent of images but still 
require the presence of the actual object being manipulated. The last stage, formal operational 
state, occurs fi-om thirteen to adulthood. Individuals can make use of infinite spatial 
possibilities and complex mathematical concepts. 
Deno (1995), in a study of beginning engineering students (N=396), examined the 
effects of previous design and mechanical experience on the basis of spatial visualization 
ability among subjects. Deno found among males, non-academic activities experienced during 
the high school period had the greatest positive correlation to spatial visualization. Typically 
these activities consisted of model building, sketching, or assembly of parts. Those who were 
highly involved in these types of activities scored high on spatial visualization tests. Among 
females this relationship was not statistically significant. Actively playing video games was the 
only statistically significant activity for high school aged women an activity which improved 
their spatial ability skills. Males in preschool and elementary school had statistically significant 
relationships between spatial visualization skills and building type activities experienced with 
Legos or log building sets. Females during this same period had similar results firom activities 
which were less tactile and more visual such as educational TV. As indicated in Deno's 
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(1995) study, a relationship between gender and spatial visualization skills has been shown to 
exist. Eisenburg and McGinty (1977) also found that spatial ability diflFerences did exist 
between sexes but the differences depended upon the field the students were studying. Four 
types of problems were given to students in math and business. Females in calculus performed 
better than males on one test, and females in business performed better than males on three 
tests. Women may be two to three times more likely to lag behind males in 3D spatial skills. 
This finding would advocate a course to address deficiencies in their backgrounds for women 
going into engineering or technical fields (Sorby & Baartmans,1996). 
Salthouse and Mitchell (1990) found, given the result of their study, that many of the 
age related effects on measures of relatively basic abilities were largely independent of the 
amount of relevant experience indicating a possible positive relationship between age and 
spatial visualization performance. 
The previous mentioned factors have been established as having significant effects on 
spatial abilities, especially in psychological literature. Often in engineering graphics literature 
these factors, other than gender, have been found not to have a statistically significant 
correlation to spatial abilities. Devon (1994) found that previous high school drafting or CAD 
experience had no effect on spatial visualization skills. Sexton (1992) found that neither prior 
experience nor attitudes were significantly correlated to scores on measures of spatial 
visualization. Further studies are needed to establish if the field of study, in-fact, influences 
the significance of these other factors. 
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Can Spatial Visualization Be Taught? 
Several studies have claimed spatial visualization skills cannot effectively be taught 
through typical instructional methods, whatever they may be (Gibson, 1953, Santos & Murpy, 
1960, Salldnd, 1976). An equal number of studies have found that spatial visualization can be 
improved through instruction (Blade & Watson; 1955, Brinkman, 1966; Gillespie, 1995). 
Sexton (1992) concluded that it is indeed possible to improve spatial visualization skills if the 
instruction was appropriate and the deliver}' time sufficiently long. A limited number of 
studies have shown spatial visualization can be taught in a short amount of time. Braukman 
(1991) was able to significantly improve spatial visualization skiUs during eighteen hours of 
engineering graphics instruction. 
Bertoline (1988) suggests that spatial visualization skills are developed through life 
experiences. Children who are exposed an appropriate learning environments will have 
stronger spatial visualization skills later in life. 
At the present time the whole question of whether spatial visualization can be taught 
remains unanswered. As shown there are many contradicting beliefs and research studies. 
Most professionals in engineering graphics have come to an acceptance that spatial 
visualization skills can be altered through experience, which tends to contradict the findings 
on many psychological studies. What type of experience and the length of the experience has 
yet to be firmly establish. 
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Spatial Ability Measurement 
Just as the basic definitions surrounding visualization have become ambiguous, so have 
many of the tests of spatial ability. This is illustrated in An International Directory of Spatial 
Tests (Eliot and Macfarlane,1983) which lists 392 similar tests of spatial ability. Many of 
these tests are derivatives of earlier tests with very little new information to contribute to 
spatial abilities testing. Eliot and Macfarlane present a very usefiil method of classification of 
spatial tests based upon the categories of recognition and manipulation. Recognition is 
identified as requiring perception and retention of visual forms. Those falling in the 
manipulation category require the mental manipulation of visual shapes. This categorization 
system shown in Figure 2.3 illustrates the recognition and manipulation divisions and their 
corresponding tests. 
The ranking 1-10 of the various tests is based on the extent to which the test 
instructions are stated or implied for task completion. In other words, the amount of structure 
that is provided for completion of the task determines the difficulty. For instance, a copying 
exercise is simply repeating a given figure, while a visual memory exercise involves creating a 
mental image of the structure and reproduction fi^om memory. This ordering is based on the 
structure of the test only and perhaps some mtuition, not empirical findings. In keeping with 
the differentiation between spatial orientation and visualization, many tests are identified with 
the measure of one of these aspects of spatial ability. Measures of spatial orientation, the 
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Recognition division Manipulation division 
1 2 3 6 7 8 
copying embedded figure visual memory block counting block rotation paper folding 
4 5 9 10 
form completion form rotation surface development perspectives 
Figure 2.3 Application of characteristics to task categories (Eliot & Macfarlane. igSS't 
ability to imagine how a stimulus would appear from another perspective, may involve an 
individual reorienting themselves relative to an array. 
Measures of spatial visualization usually include the manipulation of internal parts of a 
stimulus or folding and unfolding of flat patterns. Typically tests of spatial visualization are 
untimed and complex. It has been suggested that visualization test items are more difficult 
than orientation items (Myers, 1958). It may be possible that the increased difficulty in 
visualization items is a result of the serial operations where several mental manipulations are 
required for completion of an item. 
Factor analysis has revealed many possible similarities between spatial orientation and 
spatial visualization. Studies have shown positive correlations between spatial visualization 
and spatial orientation (Borick and Bauman, 1972, Goldberg and Merideth, 1975, Roff, 1952, 
Yen, 1975). Sexton (1992), in a study examining the effect of 3D graphics on spatial ability, 
used several tests to establish spatial ability levels. Spatial Visualization was measured using 
the Vandenberg and Kuse Mental Rotation Test (MRT) (Figure 2.4). The Vandenberg and 
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Kuse MRT consists of 20 multiple choice questions, made up of a criterion object (shown on 
the left) and four choices on the right. The subject is to find the two choices which match the 
criterion object. Spatial Orientation was measured using the Guilford-Zimmerman Aptitude 
Survey, Part V, Spatial Orientation (Figure 2.5). This test consists of two pictures depicting 
the motion of a boat. The objective is to determine what direction, from the choices on the 
left, the boat has moved. Sexton found a positive correlation between spatial visualization and 
spatial orientation using these tests and recommended that only one spatial test be used in the 
future. 
Figure 2.4 Example of Vandenburg's Test of Three-dimensional Spatial Visualization 
(1971') (Eliot and Macfarlane. igSS). 
2 3 
10 
Figure 2.5 Example of Guilford-Zimmerman Aptitude Survey. Part V. Spatial 
Orientation (1947) (Sexton 1992). 
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The similarities between spatial orientation and visualization may have several 
implications for the development of computerized testing. If in fact spatial orientation test 
items are easier than spatial visualization items, they will provide greater discrimination for 
those with less spatial ability. Also, if tests of spatial visualization measure spatial abilities 
validly at lower ability levels and have a high correlation to tests of spatial orientation, it is 
conceivable that a spatial orientation test would not contribute information to spatial abilities 
measures. 
While these methods of organization have utility for classification of tests by structure 
or type of spatial ability, they provide little information about actual item difficulty. The 
number of vertices and degrees of rotation have both been shown to effect the difficulty of 
several spatial ability test items. 
Pelligrino, Mumaw, and Shute (1985), in an analysis of spatial aptitude and expertise, 
found that the number of surfaces or edges on an orthographically presented stimulus effected 
the judgements made about such objects. Rock, Wheeler and Tudor (1989, p. 187) summarize 
several studies and state: " ...a three dimensional object of the kind used yields a drastically 
different retinal image of the same object as a function of its orientation or location relative to 
the observer." The further an object is rotated on any axis, it becomes more difficult to 
visualize or recognize as compared to the original stimulus object. 
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Conclusion 
It can clearly be seen that many questions still surround visualization. This may be 
why Bertoline (1991) and others promote a visualization discipline to deal with these issues 
outlined in this chapter. Many of the studies thus far, from which these broad generalizations 
have been drawn, are of limited size and scope. 
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CHAPTER 3. METHODOLOGY 
Overview 
This chapter explains the methods and procedures which were employed in this study. 
The following topics are discussed in this chapter experimental design, instrumentation, data 
collection, analysis, and summary. 
Research Design and Variables of the Study 
This study had two objectives. The first was, to determine if the paper and pencil 
version of the Mental Rotation Test (MRT) and the computerized version of the MRT (MRT 
Computer) differed significantly both in test scores and test completion times of those who 
completed the tests (Phase 1, parts A and B of the research). The second objective of this 
study was to determine whether the MRT Computer version of the test differed significantly 
from the MRT Memory version in both subjects' completion times and test score results 
(Phase 2 of the research). 
The dependent variables for the study were completion time and test results. The 
independent variables were the type of test presentation; (paper and pencil, computerized, or 
memory versions) of the MRT. There were two phases to the study. Phase 1 and Phase 2. 
Within Phase 1 there were two parts. Phase 1A and Phase IB. Phase lA and IB were used to 
establish if the paper and pencil version of the MRT was significantly different from a 
computerized version of the MRT. Phase 2 was used to examine any possible differences 
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between the MRT Computer and the MRT Memory which resulted from the addition of a 
visuo-spatial working memory factor. 
Population and Santple of the Study 
The population of this study was general university students enrolled during the spring 
semester 1999 in engineering graphics courses in the disciplines of industrial technology and 
engineering fields in selected universities. The sample size of this study consisted of 107 
students. The subjects were solicited from freshman through senior levels of engineering 
graphics courses at the following post-secondary institutions: University of Missouri -
Raleigh, Purdue University - Indiana, Penn State Erie, Greenfield Community College -
Massachusetts, Wayne State College - Nebraska, and Iowa State University. Thirty subjects 
were solicited from Iowa State University, fifteen subjects for Phase 1A and fifteen subjects 
for Phase IB. Seventy-seven subjects were solicited from the post-secondary institutions 
other than Iowa State University for Phase 2 of the study. This was a sample of convenience 
and thus constitutes a limitation of the quasi-experiment. 
Instrumentation 
Three versions of the Mental Rotation Test were used for this study. The first was the 
paper and pencil version which was originally developed by Vandenberg. The second test, the 
MRT Computer, and the third test, the MRT Memory, were developed by the researcher for 
this study. All three of the tests used all twenty questions taken from Vandenberg's MRT 
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(1978) acquired from Behavioral Measurement Database Services, Pittsburgh, PA. The 20 
question (40 point) Vandenberg MRT was developed by Vandenberg and Kruse (1978) 
following the work of Shepard and Metzler (1971). Shepard and Metzler developed the 
stimulus objects consisting of ten connected blocks in a study dealing with rotation and time 
required for recognition. The paper and pencil MRT, MRT Computer, and MRT Memory 
versions of the tests, each consisted of the same twenty questions. Each question consists of a 
criterion object and four altematives. 
Vandenberg's paper and pencil MRT is frequently mentioned as a test for spatial 
visualization in engineering graphics related research studies. Studies reported in the 
Engineering Design Graphics Journal frequently indicate the use of Vandenberg's paper and 
pencil MRT (Devon et al., 1994; Roorda, 1994; Sexton, 1992). The reliability of 
Vandenberg's paper and pencil MRT is .88 using the Kuder Richardson 20 formula based on 
an N=3268 adults and adolescents. Pearson correlations of .31-.68 with other tests of spatial 
ability were used to establish validity. Vandenberg's paper and pencil MRT compares well 
with other tests of spatial ability and especially well with tests of spatial visualization 
(Vandenberg &Kuse, 1978). 
Besides the paper and pencil MRT, two other tests were used, the MRT Computer 
and the MRT Memory. The scoring, number of questions, and stimulus objects from the 1978 
version of Vandenberg's MRT were not altered, only the interfece and the directions needed 
to accommodate the interface were changed. 
The tests were developed using Universal Learning Technologies (ULT) World Wide 
Web Course Tools (WebCT) server based internet courseware. WebCT used a graphical user 
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interface for compiling Hypertext Markup Language (HTML) code. The compiled HTML 
was used to generate web based tests. WebCT has the capabilities to grade completed tests 
and returns raw scores, actual subject answers, average scores, and discrimination values. 
In addition, WebCT is used for subject tracking and monitoring. The amount of time a 
subject spends on a particular item or test is recorded. The number of times a subject returns 
to a particular site is also made available. 
Each question contained a criterion figure, two correct alternatives, and two 
distracters. Each criterion figure, correct alternatives, and distracters consisted of a series of 
ten connected blocks. Actual digital images were acquired fi"om Susanna Douglas, University 
of Texas (personal communication, March, 1999). The two correct alternatives were 
identical versions of the criterion object rotated at various angles. The two distracters 
consisted of mirror images of the criterion object and structurally different items firom other 
questions in the MRT. Subjects were informed in the directions that there were two correct 
alternatives. 
The ?vIRT Computer was created using the twenty digitized images and placing them 
with the corresponding alternative check boxes (Figure 3.1). Questions were placed in the 
same order as the original paper and pencil version of Vandenberg's MRT. Test questions 
were identical to that of the paper and pencil MRT with the exception of the computer 
interface. 
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Question 1 (2 points) 
r 1 
r 2. 
r 3. 
r 4. 
Save Ansttvef 
Figure 3.1 Example oFMRT Computer Question 
The memory version of the MRT Memory was identical to the MRT Computer with 
the addition of a working memory factor. The number of questions, order, criterion and 
alternatives, and times were all identical. The working memory factor made it possible for the 
test taker to see only the criteria figure or the alternatives, not both, at any given time. The 
working memory factor was incorporated using researcher designed JavaScript. As the 
mouse was moved over the criterion figure, the four alternatives appeared in place of the 
criterion figure. As the mouse was removed fi^om the alternative figure area, the original 
criteria image reappeared. The use of this working memory factor required an additional 
reliance on visuo-spatial working memory for recognition of the correct alternatives fi"om the 
distracters. 
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Hardware 
Muiimum hardware requirements which were used for completion of both tests 
included a Pentium class PC, VGA monitor, internet capabilities, and Java enabled internet 
browser. It was an assumption of this study that factors such as CPU speed (except for non-
Pentium class), monitor type (VGA, SVGA or resolution), and input devices (mouse type, 
keyboard) were not considered as factors which effected test results. 
Scoring the MRT 
Each question had two correct alternatives, both alternatives had to be chosen to get 
the fiiU two point credit for each question. If one correct alternative, as well as one incorrect 
distracter was chosen, no points were given. However, if only one correct alternative was 
chosen and no distracters were chosen, then one point was given. The requirement of 
choosing only correct alternatives eliminated the guessing effect (Vandenberg and Kruse, 
1978). Scoring of the paper and pencil MRT was completed by hand, while scoring the two 
computerized instruments was automated using WebCT. All three tests had a total possible 
correct score of forty points for the twenty questions. 
Data Collection 
Data were automatically collected with WebCT software and scores were placed in a 
submittable database. WebCT software at the present time does not have the capability to 
disregard credit on a given question if only one of the alternatives is correct. The researcher 
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had to check all data to correct any questions which credit might have been incorrectly given. 
The software did have the capability to show all responses at once, the lack of a capability to 
give only one point was not an issue as this only affected five subjects' results, which were 
corrected. The corrected data were then submitted for manipulation by WebCT. Score, 
mean, and discrimination for each of the twenty questions was calculated by WebCT and 
presented in a graphical interface. All test information fi-om the graphical interface was then 
downloaded by the researcher to an external database for statistical evaluation. The data were 
first opened in an Excel spreadsheet for manipulation purposes and then analyzed using SPSS. 
Testing Procedures 
There was a time limit of fifteen minutes for each of the three tests. Actual test times 
for each subject were recorded by WebCT. Vandenberg recommended a time limit of 10 
minutes for the paper and pencil MRT when given to high school students, and six minutes for 
college students. The time to complete the interactive version of the MRT was unknown, 
therefore subjects were directed to complete each of the tests as quickly as possible. 
Prior to taking the MRT computer and MRT Memory tests during Phase 1 and 2, 
subjects were assigned a usemame and password prior to attempting the first T test. 
Instructors for a given class at each of the cooperating institutions were designated a range of 
numbers, such as 1-20. Instructors assigned each of the subjects a number which was their 
usemame. Their login password was this usemame preceded by the letters "vis." 
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Phase 1 
Phase 1A and IB were completed before Phase 2 was initiated. The purpose of Phase 
1 was to ascertain the significant difference between the paper and pencil MRT and the MRT 
Computer, and to identify any potential problems with computer delivery of the tests. 
Additionally, Phase 1 determined if there was a significant time difference involved in taking 
the paper and pencil MRT or the MRT Computer. One of the objectives of the study was to 
determine an efBcient method for the measurement of spatial ability. Upon completion of 
Phase 1, any significant difference between the time required to take the paper and pencil 
MRT, versus the MRT Computer tests, and the MRT Memory test could be determined. 
Fifteen students enrolled in the Industrial Design Graphics (I TEC 224, Section A) 
class in the Department of Industrial Education and Technology at Iowa State University 
during the Spring 1999 semester participated in the Phase 1A of the study. The subjects were 
awarded an additional 10 bonus points for participation in the study. These students consisted 
of sophomores, juniors, and seniors with a minimum of three credit hours worth of prior 
design drafting experience. Students first completed the paper and pencil MRT on April 6, 
1999 and two days later completed the MRT Computer and MRT Memory. 
A second group of fifteen students, enrolled in Industrial Design Graphics (I TEC 
224, Section B) class at Iowa State University participated in the Phase IB of the study. 
These students consisted of sophomores, juniors, and seniors with a minimum of three credit 
hours worth of prior design drafting experience. Phase IB was identical to Phase 1A with the 
exception of treatment randomization. Students were randomly assigned to one of two 
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treatment groups. During the initial testing period of Phase IB on April 14, 1999, eight 
subjects in Group 1 completed the paper and pencil MRT and seven subjects in Group 2 
completed the MRT Computer followed by the MRT Memory. During the second testing 
period on April 21 of Phase IB, eight subjects in Group 2 completed the MRT Computer and 
MRT Memory and seven subjects in Group 1 completed the pencil and paper MRT. 
Phase 2 
77 Subjects were included in Phase 2 of the study and completed the MRT Computer 
and MRT Memory. Each usemame and password included a randomly assigned treatment 
letter, either A or B. The letter determined whether the subject was assigned to treatment 
group A or B. Subjects assigned to treatment Group A took the following instructions and 
test sequence; 
1. MRT Computer Instructions 
2. MRT Computer Spatial Visualization Test 
3. MRT Memory Instructions 
4. MRT Memory Spatial Visualization Test 
5. Spatial Visualization Survey 
Those assigned to treatment Group B were given this sequence of instruction and test 
sequence; 
1. MRT Memory Instructions 
2. MRT Memory Spatial Visualization Test 
3. MRT Computer Instructions 
4. MRT Computer Spatial Visualization Test 
5. Spatial Visualization Survey 
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Along with the usemame and login was information required to get started including 
instructions. A copy of the instructions can be found in Appendix C. Upon login, subjects 
could gain access to directions for both tests, an information survey, and the actual tests. 
Subjects were instructed to read the directions for either the MRT Computer or MRT 
Memory, dependent upon treatment group. Included in the directions were three working 
figures that had to be completed before continuation of the MRT Computer or the MRT 
Memory test. The working problems consisted of the three actual questions taken fi-om the 
paper and pencil instructions developed by Vandenberg. Subjects completed the three 
questions and submitted them just as they would in the actual spatial visualization test. 
Subjects were then able to view their results and the correct responses. After viewing the 
correct responses, subjects then followed an active link to the first spatial visualization test. 
The fifteen minute time limit began when the test was loaded on the subjects computer 
screen. Subjects were kept informed of the time remaining by a display on the right side of 
the computer screen. The display indicated the number of questions currently answered in 
addition to the time remaining. The number of questions answered correctly was not revealed 
to the subjects at any time. 
After completion of the first spatial visualization test, subjects were directed to the 
instructions for the second spatial visualization test through an active link and then on to the 
second spatial visualization test. The subjects' results were not revealed after completion of 
the tests, though this capability was available. Upon completion of both sets of directions and 
tests, students completed a survey (Appendix D) designed to collect subject profiles. 
Workstation web browsers were then closed by the subjects to ensure that their WebCT 
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account could not be reopened by another user. The aforementioned directions, tests, and 
survey can be found in Appendix C and D. 
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CHAPTER 4. RESULTS AND DISCUSSION 
Overview 
This chapter explains the findings of the study on Phase 1A and Phase 2. The 
descriptive statistics, inferential statistics, tests of hypotheses, and summary are discussed in 
this chapter. 
Phase 1 
The primary purposes of Phase 1A and IB were twofold: 
1. To test Null Hypothesis 1 and Null Hypothesis 2: 
There was no significant difference in the mean test scores and completion times of 
subjects who completed the paper and pencil administrated MRT and those who 
completed the MRT Computer version of the test for spatial visualization. 
2. To ensure the test instnunent worked as planned. 
Phase lA Study Findings 
Phase lA Scores 
The subjects' test scores and times were collected at the conclusion of the testing trial. 
The fifteen subjects' test scores and times were taken as a sample of convenience fi^om 
Section A of ITEC 224, Industrial Design Graphics class during the spring semester of 1999. 
The scores of correct responses (40 maximum) and the time it took to complete each test 
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were recorded. Score distributions can be found in Figure 4.1. Descriptive statistics for the 
scores can be found in Table 4.1. 
Null Hypothesis 1 There was no significant difference in the mean test scores of 
subjects who completed the paper and pencil administered MRT and those who completed 
the MRT Computer version of the test for spatial visualization. 
FtencI and F&per MRT I 
Computer 
CO w r- o) t- CO lo I 
Subjects 
Figure 4.1. Phase lA. Score distribution 
Table 4.1. Phase lA. Score descriptive statistics 
Mean N Std. Deviation 
PAPER 36.00 15.00 4.07 
COMPUTER 37.07 15.00 3.37 
60 
Hypothesis 1 was tested using a paired sample T test within Phase 1 A, at a level of 
significance equal to .05. In Table 4.2 the T-value was calculated at -1.372. A critical T of 
2.145 (TO25.(-05)) was needed to reject the Hypothesis 1 at the .05 level. There was a 
probability of. 192 that the differences observed between the subjects scores on the paper and 
pencil MRT and the MRT Computer occurred by chance alone. Null Hypotheses 1 was not 
rejected (fail to reject) at the .05 level. Therefore, there was no significant difference on 
Phase 1A between scores on the paper and pencil MRT and MRT Computer. 
A Pearson Correlation Test was used to determine the correlation between mean 
scores on the paper and pencil MRT and MRT Computer. A p.,y value of .687 indicated the 
paper and pencil MRT was positively correlated to the MRT Computer. The p\r value of .47 
indicates 47% of the variance in the paper and pencil MRT was associated with the variance in 
MRT Computer. 
Phase lA Times 
Descriptive statistics in Table 4.3 shows the mean time required and standard deviation 
for Phase 1 A. The completion time distribution is shown in Figure 4.2. Mean completion 
Table 4.2. Phase I A. Paired difference test. Scores 
Mean Std. 
Deviation 
Std. Error 
Mean 
95% Confidence 
Interval 
t df Sig. (2-
tailed) 
Lower Upper 
PAPER-
COMPUTER 
-1.07 3.01 .78 -2.73 .60 -1.372 14 .192 
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time for the pencil and paper MRT was 9.2 minutes while the mean completion time for the 
MRT Computer was 8.52 minutes. The difference equates to a .68 minute (7.4%) difference 
in mean completion time. 
Null Hypothesis 2 There was no significant dijference between time required to complete the 
paper and pencil MRT and the A/fRT Computer versions of the test for spatial visualization. 
-A—MRT Paper 
MRT Computer i 
Subjects 
Figure 4.2. Paper and pencil MRT and MRT Computer time distribution 
Table 4.3.. Phase lA. Descriptive statistics. Time 
Mean N Std. Deviation 
PAPER 9.20 15 2.73 
COMPUTER 8.52 15 2.44 
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Hypothesis 2 was tested using a paired sample T test within Phase 1 A, at a level of 
significance equal to .05. In Table 4.4 the T-value was calculated at .936. A critical T of 
2.145 (T 025,( 05)) was needed to reject the Hypothesis 2 at the .05 level. There was a 
probability of .352 that the differences observed between the subjects times on the paper and 
pencil MRT and the MRT Computer occurred by chance alone. Null Hypotheses 2 was not 
rejected (fail to reject) at the .05 level. Therefore, there was no significant difference on 
Phase 1A study one between time required to complete the paper and pencil MRT and MRT 
Computer. 
Table 4.4.. Phase 1 A. Paired difference test. Time 
Mean Std. 
Deviation 
Std. Error 
Mean 
95% Confidence interval T df Sig. (2-tailed) 
Lower Upper 
^APER -
COMPUTER 
.68 2.75 .71 -.84 2.21 .963 14 .352 
Phase IB 
A Phase IB part of the study was necessary to test the changes fi^om the Phase 1A 
part. Phase IB was identical to Phase 1A with the addition of treatment randomization. 
Treatment order, MRT Computer or paper and pencil MRT, was randomized to minimize the 
learning effect. 
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Phase IB Scores 
Fifteen subjects' test scores and times were taken as a sample of convenience from 
Section B of ITEC 224, Industrial Design Graphics class during the spring semester of 1998. 
Score distributions can be found in Figure 4.3. Descriptive statistics can be found in Table 
4.5. 
Null Hypothesis 1 There was no significant difference in the mean test scores of subjects who 
completed the paper and pencil administrated MRT and those who completed the MRT 
Computer version of the test for spatial visualization. 
40 
35 
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Subjects 
Figure 4.3. Phase IB. Score distribution 
Table 4.5. Phase IB. Score descriptive statistics 
Mean N Std. Deviation 
PAPER 31.20 15.00 7.24 
COMPUTER 33.07 15.00 5.34 
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Hypothesis 1 was tested using a paired sample T test within Phase IB, at a level of 
significance equal to .05. In Table 4.6 the T value was calculated at -1.584. A critical T of 
2.145 (TO25.(.05)) was needed to reject the Hypothesis 1 at the .05 level. There was a 
probability of .136 that the differences observed between the subjects scores on the paper and 
pencil MRT and the MRT Computer occurred by chance alone. Null Hypotheses 1 was not 
rejected (fail to reject) at the .05 level. Therefore, there was no significant difference on 
Phase 1A between scores on the paper and pencil MRT and MRT Computer. 
A Pearson Correlation Test was used to determine the correlation between mean 
scores on the paper and pencil MRT and MRT Computer. A P;o-value of .777 indicated the 
paper and pencil MRT was positively correlated to the MRT Computer. The p% value of .60 
indicates 60% of the variance in the paper and pencil MRT is associated with the variance in 
MRT Computer. 
Phase IB Times 
The fifteen subjects' completion time distribution, taken as a sample of convenience fi-om a 
second section of an I Tec 224, Industrial Design Graphics class during the Spring semester of 
1999, is shown in Figure 4.4. 
Table 4.6. Phase IB. Paired difference test. Scores 
Mean Std. 
Deviation 
Std. Error 
Mean 
95% Confidence 
Interval 
T df Sig. (2-
tailed) 
Lower Upper 
PAPER -
COMPUTER 
-1.87 4.56 1.18 -4.39 .66 -1.584 14 .136 
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Figure 4.4. Phase IB. Time distribution 
Descriptive statistics in Table 4.7 shows the mean time required and standard deviation 
for Phase IB. Mean completion time for the paper and pencil MRT was 7.8 minutes while the 
mean completion time for the MRT Computer was 9.54 minutes. The difference equates to a 
1.74 minute (18.2%) difference in mean completion time. 
Null Hypothesis 2 There was no significant difference between time requiredfor subjects to 
complete the paper and pencil MRT and the MRT Computer versions of the test spatial 
visualization. 
Table 4.7. Phase IB. Time descriptive statistics 
Mean N Std. Deviation 
PAPER 7.80 15 2.70 
COMPUTER 9.54 15 2.52 
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Hypothesis 2 was tested using a paired sample T test within Phase IB, at a level of 
significance equal to .05. In Table 4.8 the T-value was calculated at 2.198. A critical T of 
2.145 (TO23.(-05)) was needed to reject the Hypothesis 2 at the .05 level. There was a 
probability of .045 that the differences observed between the subjects times on the paper and 
pencil MRT and the MRT Computer occurred by chance alone. Null Hypotheses 2 was 
rejected at the .05 level. Therefore, there was a significant difference on Phase IB between 
time required to complete the paper and pencil MRT and MRT Computer. 
Table 4.8. Phase IB. Paired difference test. Times 
Mean Std. 
Deviation 
Std. Error 
Mean 
95% Confidence inten/ai T df Sig. (2-
tailed) 
Lower Upper 
PAPER -
COMPUTER 
-1.74 3.07 .79 -3.44 -4.26E-02 -2.198 14 .045 
Phase 2 
The population of Phase 2 of this study was general university students from 
engineering and industrial technology. The subjects were solicited from the following schools, 
Iowa State University, University of Missouri-Raleigh, Wayne State College, Mississippi 
State, Perm State-Erie, Greenfield Community College, and Purdue University. Subjects were 
enrolled in engineering graphics related courses during spring semester 1999. 
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Descriptive Statistics 
Gender 
Male participant outnumbered female participants in this study. Of the 77 participants, 
64 were male while 13 were female. 
Age 
The majority of participants fell into the 19-24 year old range classification (Figure 
4.5). Breakdown of age is as follows: 19 (24.7%) under 19 years old, 53 (68.8%) between 
19-24 years old, 4 (5.2%) between 25-30 years old, and 1 greater than 30 (. 1%) years old. 
60 -
50 -
> . 4 0 -u 
i 3 0  -g" 
£ 20 -
o 
<19 19-24 25-30 >30 
Age 
Figure 4.5. Distribution of subjects bv age 
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Phase 2 Inferential Statistics 
Phase 2 Scores 
The subjects' test scores were collected at the conclusion of the testing trial. The 
score distribution can be found in Figure 4.6. Descriptive statistics can be found in Table 4.9. 
Null Hypothesis 3 There was no significant difference between the test scores of the subjects 
who completed the MRT Computer test and those who completed the MRT Memory test for 
spatial visualization. 
• MRT Computer | 
MRT Memory 
!  r  !  I  I ! I I I  I  !  I  !  !  !  !  I  I  H  I i  !  M  I  n  I  I I !  (  I  I I  !  !  I  !  !  !  I  i I  I  !  i - ' '  t •  I  I  I  !  ! i !  [  !  I  !  I  !  ! ; I I I  I  I  !  !  i  '  
Subjects 
Figure 4.6. Phase 2. Score distribution 
Table 4.9. Phase 2. Descriptive statistics 
Mean N Std. Deviation 
MRT COMPUTER 33.62 77.00 8.05 
MRT MEMORY 32.03 77.00 10.34 
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Hypothesis 3 was tested using a paired sample T test within Phase 2, at a level of 
significance equal to .05. In Table 4.10 the T value was calculated at 2.142. A critical T of 
2.0 (T 025,( 05)) was needed to reject the Hypothesis 3 at the .05 level. There was a 
probability of .037 that the differences observed between the subjects scores on the MRT 
Computer and the MRT Memory occurred by chance alone. Null Hypotheses 3 was rejected 
at the .05 level. Therefore, there was a significant difference on Phase 2 between scores on 
the MRT Computer and MRT Memory. 
Table 4.10. Phase 2. Paired difference test. Scores 
Mean Std. 
Deviation 
Std. Error 
Mean 
95% Confidence 
Interval 
t df Sig. 
(2-tailed) 
Lower Upper 
PAPER-
COMPUTER 
1.60 6.60 .75 9.98E-02 3.09 2.124 76 .037 
Null Hypothesis 3 a There was no significant difference between the test score discrimination 
for spatial visualization using the MRT Computer test and the MRT Memory test for spatial 
visualization. 
The test of Hypothesis 3 a using a paired sample T test, at a level of significance equal 
to .05, resulting in rejecting the null hypothesis. Null hypotheses 3a was rejected because 
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the results depicted in Table 4.11 show a P value of .000. Therefore, there was a significant 
difference between discrimination on the MRT Computer and MRT Memory. Figure 4.7 
indicates the point biserial distribution. 
Item diflSculties for the twenty questions are shown in Figure 4.8. The mean difficulty 
for the MRT Computer was 0.82 while the mean difficulty of the MRT Memory was 0.73. 
Null Hypothesis 3 b There was no significant difference between the test score reliability for 
spatial visualization using the MRT Computer test and the MRT Memory test for spatial 
visualization. 
The Pearson product moment formula was used to determine the coefficient of 
equivalence between mean scores on the MRT Computer and MRT Memory. The coefficient 
of equivalence was .77 indicated the MRT Computer was correlated to the MRT Memory. 
Table 4.II. Paired discrimination differences 
p-
RHO PBIS 
Mean Std. 
Deviation 
Std. Error 
Mean 
95% Confidence Interval t df Sig. (2-
taiied) 
Lower Upper 
.1500 .1590 3.556E-02 7.557E-02 .2244 4.218 19 .000 
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Figure 4.7. Point biserial distribution 
The 77 subjects' completion time distribution, taken as a sample of convenience during 
the spring semester of 1999 is shown in Figure 4.9. Descriptive statistics in Table 4.12 show 
the mean time required and standard deviation for this portion of the study. Mean completion 
time for the MRT Computer was 9.58 minutes while the mean completion time for the MRT 
Memory was 11.21 minutes. The difference equates to a 1.63 minute (14.5%) diflference in 
mean completion time. 
Null Hvpothesis 4 There was no significant difference between the time required by subjects 
to complete the MRT Computer and the time required by subjects to complete the MRT 
Memory test for spatial visualization. 
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Figure 4.8. Difficulty distribution 
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The test of hypothesis 4 using a paired sample T test, at a level of significance equal to 
.05, resulting in rejecting the null hypothesis. Null hypotheses 4 was rejected because of the 
results depicted in Table 4.13 show a P value of .000. Therefore, there was a significant 
difference between time required to complete the MRT Computer and MRT Memory. 
Table 4.12. Mean test times and standard deviations 
Mean N Std. Deviation Std. Error Mean 
Pair 1 COMPUTER 9.5809 77 3.0925 .3524 
MEMORY 11.2108 77 2.8973 .3302 
Table 4.13. Paired time differences 
Paired 
Differences 
Mean Std. 
Deviation 
Std. Error 
Mean 
95% Confidence Interval t df Sig. (2-
tailed) 
Lower Upper 
Pair 1 COMPUTER 
- MEMORY 
-1.6299 3.2958 .3756 -2.3779 -.8818 -4.339 76 .000 
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Figure 4.9. MRT Memory and MRT Computer time distribution 
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CHAPTER 5. SUMMARY 
The preceding four chapters have presented the general introduction to the study, the 
literature review, the methodology, and the findings. This chapter presents a summary of the 
previous four chapters, and conclusions and recommendations that may be drawn from the 
study. 
Summary of the Study 
The specific purposes of this study were twofold: 
1 - To determine if there was a difference in student performance by individuals taking a 
paper and pencil form of the MRT developed by Vandenburg compared with a 
computerized version of the MRT (MRT Computer), developed by the researcher. 
2. To determine if there was a difference on student performance by individuals taking the 
MRT Computer test compared with those completing a version designed to emphasize 
visuo-spatial working memory (MRT Memory), developed by the researcher. 
Findings of the Study 
One hundred seven of the original one hundred ten data points were used in the final 
analysis. Three of the original data points were removed from Phase 2 because of a failure by 
examinees to complete both tests, the MRT Computer and MRT Memory. The research 
questions and the null hypotheses were analyzed using paired sample T tests. Null 
Hypotheses that depicted a probability greater than .05 were rejected. 
Research Question 1 
The first research question asked, does the type of test interface (paper and pencil 
MRT or MRT computer) significantly impact the individual test scores. The associated 
hypothesis 1 was not rejected for Phase 1A and was not rejected for Phase IB. Null 
hypothesis 1 stated there was no significant difference between the paper and pencil 
administered MRT and the MRT Computer version of the test for spatial visualization. The 
paper and pencil MRT and MRT Computer did not have significantly different test scores. 
The p-value associated with Phase lA scores was .192, Phase IB scores was .136. The paper 
and pencil MRT and MRT Computer both were found to be significantly correlated. The 
corresponding R and P values for Phase 1A was .687 and .005, and for Phase IB .777 and 
.001. 
The findings indicate as some literature suggests that the computerization of a test 
does not significantly affect scores. Diflferences which could arise between subjects taking a 
paper and pencil test and a computerized test might be related to unfamiliarity with the 
computer. Typically subjects in engineering or industrial technology fields are very familiar 
with computer usage. 
Research Question 2 
The second research question asked whether the type of test (paper and pencil MRT, 
or MRT computer) significantly impacts time required for completion of each test. The 
associated Null Hypothesis 2 was not rejected (fail to reject) for Phase 1A and rejected for 
Phase IB. Null Hypothesis 2 stated that there will be no significant difference between time 
required to complete the paper and pencil MRT and the MRT Computer versions of the test 
spatial visualization. The alternative hypotheses which was accepted for Phase IB stated that 
a significant difference in completion time did exist between subjects who completed the 
pencil and paper MRT and the MRT Computer. When the larger number of subjects were 
completing the test at the same time during Phase 1 A, there was no significant difference 
between completion times for the pencil and paper MRT and the MRT Computer. The 
associated p-value for Phase 1A was .352. When the number of subjects completing the test 
was smaller during Phase IB due to randomization, there was a significant difference between 
completion times between the pencil and paper MRT and the MRT Computer. The associated 
p-value for Phase IB was .045. 
A group effect may have contributed to subjects in Phase 1A completing the times in 
sync. During the testing of Phase IB, subjects were not aware of when the other subjects 
were completing the test. Being unaware of the group dynamic may have relieved the 
pressure to complete the test in a timely fashion. In addition, the paper and pencil MRT 
completion times were self reported and rounded to the nearest minute unlike the MRT 
Computer which was timed to the nearest second. The combination of these two effects, 
group dynamics and reporting procedure, may be an explanation for the variability in 
completion times between the pencil and paper MRT and the MRT Computer. 
An additional possible cause for the difference between completion times on the paper 
and pencil MRT and the MRT Computer may be a learning effect. The completion of one of 
the tests may influence the time required to take the second test as subjects develop test taking 
strategies. This is supported by several comments fi^om spatial survey found in Appendix D. 
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One subject commented, " The first test was more diflScuIt because I developed a method by 
the time I had reached the second test". Subjects who developed a strategy either consciously 
or unconsciously may have been able to complete the second test at a faster rate. 
Although the time required to complete the computerized version of the MRT may be 
different than the paper and pencil MRT the actual administration of the computerized test 
requires less time and removes researcher error. TTie MRT Computer did not require manual 
grading and recording of grades and therefore eliminated the possibility of recording error. 
The increased test administration efiSciency makes delivery of computerized test attractive, 
regardless of the computerized test completion time taking longer. The attractiveness of this 
benefit is dependent on completion time not being a significant factor effecting actual raw 
scores. 
Research Question 3 
The third research question asked, does visuo-spatial memory loading significantly 
effect the individual test scores between MRT Computer and MRT Memory test versions. 
The associated hypothesis 3 was rejected and the alternative hypothesis was accepted, which 
stated that a significant difference between scores on the MRT Computer and MRT Memory 
did exist between subjects who completed both forms of the tests. The MRT Computer test 
scores were significantly higher than test scores on the MRT Memory. The p-value associated 
with the MRT Computer and MRT Memory scores was .037. 
Feedback fi-om question six in the spatial ability survey (Appendix, D) showed a strong 
indication for the lower scores on the MRT Memory. A typical reply to question six was, "I 
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found the interactive spatial visualization test v^ras harder for me. It wasnt easy for me to 
keep a picture of an object in mind while trying to match it with the others." Those subjects 
with a weak visuo-spatial working memory span had difficulty maintaining a mental image to 
complete the questions in the MRT Memory. 
Hypothesis 3 a was rejected and the alternative hypothesis was accepted which stated 
that a significant difference between discrimination on the MRT Computer and MRT Memory 
did exist between subjects who completed both forms on the test. The MRT Computer 
discrimination values were significantly different fi-om the discrimination values for the MRT 
Memory. The p-value associated with the MRT Computer and MRT Memory scores was 
.000. As was stated previously subjects with a short visuo-spatial working memory span had 
difBculty with the MRT Memory. The MRT Memory test was more difficult for those subjects 
with poor visuo-spatial working memory ability, therefore the MRT Memory test may 
discriminate better. 
Hypothesis 3b stated that a significant difference between reliability for the MRT 
computer and MRT Memory tests did exist. The coefficient of equivalence was .77 indicating 
the MRT Computer was significantly correlated to the MRT Memory. While this correlation 
is significant, a correlation of .80-.90 is typically required for this type of test to be considered 
parallel. The low coefficient of equivalence indicates the sample size is inadequate and should 
be increased or the test is measuring two different aspects of cognition. It is possible that the 
addition of a visuo-spatial working memory component measures a different aspect of spatial 
cognition and could possibly be a better measure of spatial visualization. 
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Research Question 4 
The fourth research question asked, does the type of test (MRT Computer, or MRT 
Memory) significantly impact time required for completion of each test. The associated null 
hypothesis 4 was rejected and the alternative hypothesis was accepted, which stated that a 
significant difference did exist between subject times on the MRT Computer and MRT 
Memory. The MRT Computer had a significantly lower mean completion time than the MRT 
Memory test. The associated p-value for MRT Computer and MRT Memory was .000. A 
correlation between the MRT Computer and MRT Memory did exist. The associated R and P 
values for this correlation were .396 and .000. 
In cases where a slow internet connection was an issue the MRT Memory may have 
required more time to complete. When the images were switched using the MRT Memory 
additional time may have been required due to subjects waiting for the image to load before a 
selection could be made. 
The MRT Memory would intuitively appear to take more time and the findings of this 
study confirmed this. The necessity for those subjects with weak visuo-spatial working 
memory ability to flip back and forth between stimulus and alternatives added to the time 
requirement. Finding a significant difference between the time required to take the tests may 
also be explained by the subjects' involvement in the test. One subject commented that the 
MRT Memory was "fim" and he was able to "get into it." More intense involvement by 
subjects may add to the time needed. In addition, the involvement may assist in improving the 
overall picture of the subjects' ability. 
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Discussion and Conclusions 
The primary purpose of this study was to establish if a computerized version of the 
MRT was a parallel test to the paper and pencil version of the MRT for spatial visualization. 
If the two forms of the test are parallel, can the computer be utilized to enhance the ability of 
the MRT to measure spatial visualization ability? 
The results of this study indicate that a visuo-spatial working memory loading 
significantly impacts scores, completion times, and discrimination values on the MRT 
visualization test. These results would be expected if visuo-spatial working memory is a 
critical component of spatial visualization ability. The effect of an addition of any type of 
working memory component has received very little attention within the engineering graphics 
related literature. Attention within the discipline to this oftentimes ignored and underutilized 
component of spatial visualization is the contribution of this study to the body of knowledge. 
The results of Phase 1 revealed that the paper and pencil MRT and MRT Computer 
forms of the test resulted in similar test scores and were not significantly different. The scores 
between the pencil and paper MRT and the MRT Computer were significantly correlated. 
Based on scores alone the pencil and paper MRT and the MRT Computer are parallel tests. 
The two forms of the test derive the same scores but the time required to complete the two 
forms of the MRT may not be similar. The difference in time may be attributed to one or 
more of several factors, group effect, learning effect, reporting methods, or perhaps an 
unidentified factor. While a time difference may exist the relevance of the difference may be 
insignificant in a relatively unspeeded test. The eflSciency which may be lost in test 
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completion time is more than made up in test administration eflBciency. Should the test be 
timed using Vandenberg's suggested time limit of six minutes, different scores might be 
expected. 
The MRT Computer is recommended as an adequate test for spatial visualization 
among subjects in engineering graphics related disciplines. Widespread use of this test will 
result in the capacity to examine and track student ability in engineering graphics related 
courses. Because the MRT Computer is world wide web based, tracking of scores from 
multiple institutions will be simplified. Comparisons of scores from other institutions will 
enable educators to evaluate their own curriculum and improve upon it. This type of wide 
spread testing has not been done in the past, with the development of the MRT Computer this 
capability is now readily available. 
The identification of a working memory component of spatial visualization ability can 
be supported. The addition of a visuo-spatial working memory component resulted in overall 
lower test scores which were correlated to the MRT Computer test. Discrimination values of 
the MRT Memory were significantly higher than the MRT Computer indicating the MRT 
Memory may separate subjects with low ability from those with higher ability more efficiendy. 
The MRT Computer and MRT Memory forms of the test resulted in significantly different but 
correlated test scores. Subjects performed significantly lower on the MRT Memory test. 
The addition of a visuo-spatial working memory component may be the cause of the 
lower scores and the greater time requirement of the MRT Memory. The feedback from the 
spatial abilities survey supports the belief that the addition of a visuo-spatial working memory 
component is the cause of significantly different test scores and times. Many subjects stated 
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the addition of a visuo-spatial working memory component made the test more diflScult and 
made references to the greater usage of short term memory. 
Because the literature identifies working memory as an vital component of spatial 
visualization ability a test which capitalizes on working memory should be further developed 
as a test for spatial visualization. The development of this test should involve comparisons to 
other tests of spatial ability and testing in larger more diverse populations. The development 
of the MRT Memory will result in a test which will give a clearer picture of subjects true level 
of spatial visualization ability. 
Recommendations 
During the process of conducting this study and analyzing the data, the following 
recommendations have been identified for fiiture research. Based on the sample of the study, 
it may be possible to make inferences to the population of the study. However, based on the 
limitations as stated in Chapter 1, the inferences made are limited to this population. There is 
a need to continue to research in the area of spatial visualization and the effects of a working 
memory loading on it. The recommendations for fiiture research are; 
1. This study should be replicated using a larger number of subjects. 
2. This study should be replicated to other populations of subjects. 
3. This study should be replicated using shorter time limitations, similar to Vandenberg's 
proposed time limitations. 
4. The MRT Memory should be compared to other forms of tests for spatial visualization. 
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5. The use of a computer to improve existing tests has been illustrated. The addition of 
further subject interaction such as objects which can be dynamically rotated may improve 
the test fiirther. The incorporation of true 3D objects into tests of spatial visualization 
may result in better test to examine what is inherently a 3D process (CAD Modeling, 
orthographic projections, etc...). 
6. Create tests of spatial visualization which are more "realistic". By reducing the 
abstractness of visualization tests through incorporation of 3D objects, application of 
materials to surfaces, or the use of true to life objects. 
7. The adaptation of this test to computer adaptive testing practices would result in an 
generally accepted test which could be used throughout the engineering graphics discipline 
to monitor and improve the curriculum. 
8. The MRT Computer test should be used as a measure of spatial visualization in the 
engineering graphics discipline. Further research should be done to more adequately 
determine the role of the added visuo-spatial working memory component in tests of 
spatial visualization. 
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APPENDIX A: PHASE lA AND IB DIRECTIONS, PHASE lA 
AND IB STUDY CONSENT FORM 
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Paper and pencil MRT & Pencil Directions 
Please read the consent form which has been given to you. 
I minute break to read consent form 
Notice at the bottom of this form you will see your assigned usemame and password. Please 
record this in a safe place, you will need this later when you complete the computerized 
version of this test. I will now hand out the MRT, please do not open the test booklet. 
Hand Out MRT 
Please record your usemame from the consent form on the top left hand comer of the first 
page. You will now be given 5 minutes to read the test directions. Do not begin the test. 
5 minute break to read questions 
Are their any questions regarding the directions you have just read? 
When you start the test, write the current time on the front page in the upper right hand 
comer of the test. When you finish, write the current time under the start time. Disregard 
time requirements in the MRT instmctions. You will be given a total of 15 minutes to 
complete the test from beginning to end, work as quickly as possible. Once you have gone 
through all questions do not go back and make corrections. Bring test to the front of room 
when completed. You may begin. 
86 
The purpose of this study: 
The purpose of this study is to determine the most effective interface for delivery of a MRT 
for spatial visualization using the microcomputer among general students from Iowa State 
University. The MRT is a test for spatial visualization skill which is essentially your ability to 
manipulate objects mentally in 3D space. Testing of spatial visualization skill may be 
beneficial for students as high levels of visualization skill has been associated with success in 
Engineering and Engineering related disciplines. 
Procedure: 
For this study you will first complete a paper and pencil version of the MRT. Several days 
later you will complete a computerized version of this test. The test proctor will give you 
further written instructions. 
Confidentiality: 
Identification numbers will be assigned to each of your names which will make it impossible to 
identify any individual's test score. Your name will only be recorded initially to record your 
identification number should you forget what it is. After completion of both tests this record 
will be destroyed. 
Time: 
This test is estimated to take approximately 30 minutes. I realize you are taking this test on a 
voluntary basis and I truly appreciate the time you are giving up to assist me. The result of 
this study will not be used to evaluate you, and in this capacity will have no effect on your 
performance in this class. 
Your Password 
Your Usemame vis 
Your Name 
Please fill in your name and give this completed form to the proctor. Thank you! 
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APPENDIX B: PENCIL AND PAPER MRT 
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Do th.e rest of the sample problems yourselfl Which two drawings of the four on the 
right show the same object as the one on the left? There are always two and only two 
correct answers for each problem. Put an X under the two correct drawings. 
• 
2. 
• • D 
Answers: 1. first and second drawings are correct 
2. first and third drawings are correct 
3. second and third drawings are correct 
This test has two parts. You will have 3 minutes for each of the two parts. Each part has 
two pages. When you have finished Part I, STOP. Please do not go on to Part 2 until you 
are asked to do so. Remember; There are always two and only two correct answers for 
each item. 
Work as quickly as you can without sacrificing accuracy. Your score on this test will 
reflect both the correct and incorrect responses. Therefore, it will not be to your 
advantage to guess unless you have some idea which choice is correct. 
DO NOT TURN THIS PAGE UNTIL ASKED TO DO SO. 
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1. 
2. 
3. 
• • 
GO ON TO THE NEXT PAGE 
90 
• • 
DO NOT TURN THIS PAGE UNTILASKED TO DO SO. 
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D 
• 
• • 
GO TO THE NEXT PAGE 
• • • • 
• • • 
DO NOT TURN THIS PAGE UNTILASKED TO DO SO. STOP 
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KTY FOR »g?rrAL ROTATTONS TEST 
The cesc concains 20 icems' in four pages of 5 icems each. Each icem is 
coci'Dosed of a cricerioti figure, cvo correct alcemacives sxid. cvo dzscracrors. 
The criterion figure (C) in each item is one of cfae four different szzucziirzs 
used by Shepard and Meczler (1971). Correct alternatives are always identical 
to the criterion in structure, but are shown in a rotated position. For half 
the items, the distractors are rotated airror-iaages of the criterion, while 
distractors in the other items are rotated images of one or two of the other 
structures. 
Correct responses for the examples and 20 test items are presented in Table 
1, which also gives three additional pieces of inforaation for each choice. The 
letters A through E indicate which of the five Shepard and M-atzler figures was 
used. The letters "p" and "n" indicate whether the image is a positive one or a 
negative mirror-image. Finally, the numbers 1 through 17 index the amount of 
rotation of the image from a standard position. 
The recommended way of scoring is to give 2 credits for a line with both 
choices correct, none if one choice is correct but the other one incorrect, or 
if both are incorrect. If only one design was chosen and it is correct, 1 point 
is given. This system eliminates the need to apply a correction for guessing. 
The time limit is 10 minutes or 5 minutes for each half, if a test-re test 
correlation is wanted. For college students 6 minutes (or 3 minutes for each 
half) is recommended. Not everyone will complete within these time limits, but 
the great majority will. 
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Festales Males 
Ceaciles ac age: Raw Ceaciles ac age: 
Score lA-20 21-30 31-40 41-50 51-70 14-20 21-30 31-40 41-50 51-70 
3 
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Cenziles of Meacal Rocacion Tesc Scores (concinued) 
Females iialsts 
Rav Cenciles at age: Cenciles ac age: 
Score 14-20 21-30 31-^0 ^i-50 51-70 14-20 21-30 31-40 41-50 51-70 
26 84 82 96 98 100 50 44 70 79 87 
27 86 85 96 98 100 52 48- 72 81 89 
28 88 88 97 99 100 57 52 75 84 91 
29 89 90 98 99 100 60 55 77 86 92 
30 91 91 99 99 100 64 60 80 89 94 
31 92 92 99 99 100 68 62 82 90 95 
32 94 93 100 100 100 72 67 85 92 96 
33 95 94 100 100 100 76 69 87 93 97 
34 97 95 100 100 100 80 76 90 95 98 
35 98 96 100 100 100 85 79 93 96 98 
36 99 97 100 100 100 90 85 95 97 99 
37 99 98 100 100 100 92 90 96 98 99 
38 100 98 100 100 100 95 94 98 99 99 
39 100 99 100 100 100 98 97 99 99 100 
40 100 100 100 100 100 100 100 100 100 100 
N 1198 123 566 676 124 1228 94 449 934 303 
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APPENDIX C: CONSENT LETTER, MRT COMPUTER 
INTRODUCTION, MRT COMPUTER DIRECTIONS, MRT 
COMPUTER EXAM 
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Consent Letter 
Where To Start? 
You have reached the spatial abilities homepage. I assume you are here to participate in a 
spatial visualization study. You are going to complete two similar tests for the measure of 
spatial visualization. Before you go to the test area please read the statements shown below. 
The purpose of this study: 
The purpose of this study is to determine the most eflfective interfece for the delivery of 
Vandenberg's Mental Rotation Test(MRT). The MRT is a test for spatial visualization skill. 
Spatial visualization skill is essentially your ability to manipulate objects in 3D space. 
Confidentiality: 
An identification number was given to you in order to log into this page. Your name will be 
gathered in the Spatial Survey which you will complete shortly. Your name will not be 
disclosed in any way to protect your identity. 
Time: 
These tests are estimated to take approximately 30-45 minutes. I realize you are taking this 
test on an voluntary basis and I truly appreciate the time you are giving up to assist me. The 
results of this study will not be used to evaluate you, and in this capacity will have no effect on 
your performance in this class. 
Procedure: 
If you have read the above statements and still wish to go on pick the icon shown below, then 
pick the text labeled; Spatial Test One Directions. 
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MRT Computer Introduction 
Spatial Visualization Test 
Please go to the web address shown here: 
http://webct.cc.iastate.edu:8900/SCRrPT/ITEC224/scri 
pts/servehome.pl 
Enter the usemame and password which has been given 
to you. There are a range of numbers assigned to this 
group. You were given one of these numbers, this is 
your usemame. vis followed by this number is your 
password. 
You will complete two versions of a Mental Rotation 
Test and a survey. Please follow the instmctions very 
carefully. 
Thank you. 
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MRT Directions 
Finish Help 
M.R.T. Test 
This is a test of your ability to look at a drawing of a given object and find the same object within a set of 
dissimilar objects. The only difference between the original object and the chosen object will be that they 
are presented at different angles. An illustration of this principle is given below, where the same single 
object is given in five different positions. Look at each of them to satisfy yourself that they are only 
presented at different angles fi-om one another. 
Below are two drawings of new objects. They cannot be made to match the above five drawings. Please 
note that you may not turn over the objects. Satisfy yourself that they are different from the above. 
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Now let's do some sample problems. For Mch problem there is a primary object on the far left. You are 
to determine which two of four objects to the right are the same object given on the far left. In each 
problem always two of the four drawings are the same object as the one on the left. You are to check the 
bo.ves related to the correct ones, and leave the incorrect ones blank. The first sample problem is done for 
vou. 
Ill i"3] 
^ 1 
3 
Do the rest of the sample problems yourself Which two drawings of the four on the right show the same 
object as the one on the left? There are always two and only two correct answers for each problem. Mark 
the boxes related to the correct drawings. After marking the correct bo.x or boxes for each question be 
sure to submit each answer by picking the save answer button under each question. After completion of 
all three sample questions submit the sample quiz by picking the finish button under the last question and 
from that screen pick view results and check your results then follow instructions found at the end of that 
section. 
Question 1 (2 points) 
Question 2 (2 points) 
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1. 
2. 
"> 
4. 
Save Answer 
Question 3 (2 points) 
Save Answer 
Finish 
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MRT Computer Exam 
^BSsaLfj-a:: 
^^ame: B401 401 
Start Time: Today's Date Time Allowed: 15 min 
Number of Questions:20 
Question 1 (2 points) 
31 1 12: 
C 1. 
Question 2 (2 points) 
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m 21 1 
r: 1. 
r 2-
c 3. 
C 4. 
Question 3 (2 points) 
i31 1 t 2 
C 1-
n 2. 
C 3. 
r 4. 
Question 4 (2 points) 
n 1. 
r 2. 
c 3. 
TZ 4. 
Question 5 (2 points) 
C 1. 
r 2. 
C 3. 
r: 4. 
Question 6 (2 points) 
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n 1. 
n 2. 
C 3. 
C 4. 
Question 7 (2 points) 
Question 8 (2 points) 
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C 1. 
n 2. 
r 3. 
n 4. 
Question 9 (2 points) 
C 1. 
C 2. 
C 3. 
C 4. 
Question 10 (2 points) 
n 1. 
C 2. 
C 3. 
n 4. 
Question 11 (2 points) 
C 1. 
C 2. 
r. 3. 
r:: 4. 
Question 12 (2 points) 
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12 
n 1-
n 2. 
t 3. 
C 4. 
Question 13 (2 points) 
C 1-
fr 2. 
n 3. 
IT 4. 
Question 14 (2 points) 
n 1. 
n 2. 
n 3. 
c 4. 
Question 15 (2 points) 
n 1-
n 2. 
IT 3. 
c 4. 
ga^Anwiecc 
Question 16 (2 points) 
C 1. 
r 2. 
n 3. 
n 4. 
Question 17 (2 points) 
Question 18 (2 points) 112 
i 
I 
I 
r I. 
r 2. 
n 3. 
c 4. 
Question 19 (2 points) 
V 
t 
1 
C 1-
1- 2. 
C 3. 
C 4. 
Question 20 (2 points) 
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n 1. 
r 2. 
C 3. 
n 4. 
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APPENDIX D: SPATIAL ABILITY SURVEY AND DATA 
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Spatial Ability Survey 
Question 1 
What is your last name? Your name will not be distributed and is confidential. 
Question 2 
What is your first name? 
Question 3 
What is your sex? 
I I Male 
I [Female 
Question 4 
What is your age? 
Question 5 
What was your approximate ACT score? 
Question 6 
Did you find one spatial visualization test harder than the other? If so why? 
Question 7 
How many years of graphics experience do you have? Including school or work. 
Question 8 
Did you complete this survey during regular class time? 
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Phase 1 and 2, Question 6, Survey Feedback 
1 not really they looked like the same test, but the second one took longer because 
of the flipping thing. 
2 The second one was harder because you couldnt see examples and test shape at 
same time. 
3 The first one, because it took a while for my brain to get into it 
4 no 
5 The second test was harder because you had to visualize the object. You couldn't 
directly compare them because the object disappeared when moving the mouse. 
6 test two because you could only see part of the problem at a time 
7 the one that kept moving really miffed me. 
8 The second test took a little more short term memorization than did the firsT test. 
So if I had to chose a harder test, I'd chose the second one. 
9 nope just as easy 
10 The only factor was that I had to keep referring to the main picture to see what it 
was on the second exam. 
11 2nd was harder than the first 
12 the second one. have to memorize the image. 
13 Not really. At first the second test seemed a little harder because you couldn't 
constantly see the original object. But after I got used to it, the second test didn't 
seem too bad. 
14 the first one, cause you did not have to memorize the pic. if i was to do it over i 
would memorize the first pic and choose the correct matches. 
15 yes, the second test required more memorizing of the shape for the comparison 
16 the second one was slightly harder because you had to keep the image in your 
mind for longer....you didn't have anything to compare it straight to. 
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17 the second one, only because i have a slow internet connection and i was spending 
well over half of my time waiting for the pictures to load an reload, at the end of 
the test time started to get a little tight because of the increased time that it took to 
load the pictures 
18 The second test was harder than the first because you had to remember the shape 
on your own as opposed to just referencmg it with your eyes. 
19 2, needed to keep flipping back and forth until I got a strategy at the end - make 
the given object look like something (stairs) then I'd say, "down the stairs and 
right." I did the last 4 in the last minute fairly accurately. 
20 I thought that the second was slightly more difficult because I couldnt see both 
objects at once, but I finished the second two minutes faster than the fir 
21 Neither was too difficult. Test One prepared for Test Two. 
22 Test 2, Click Back and forth 
23 The firsT test was more difficult because I have never taken such a test before. I 
feel that I was more prepared for the second test after taking the first. 
24 NO. (There is a problem with the second one because the pictures take time to 
load and I dont believe that that is accounted for in the time that is given for the 
test. The first time that a picture loads takes 30 seconds some times. I thought that 
you might like to know this and compensate for it later.) 
28 The first one because I didnt take the time to change the given object to an easier 
fi-ame of reference before comparing it to the others. 
29 The second one was harder because you could not compare them as easly. 
However as soon as you found one you mach the other answer. 
30 The second spatial test was harder. The feet that I couldn't see the drawings 
together, made it harder. 
31 I found that the interactive visualization test was harder for me. It wasn't easy for 
me to keep a picture of an object in mind while trying to match it with the others. I 
am not good at spatial relations. 
32 On the second one I finally figured out what to do so it was easier. 
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33 no 
34 The second set was slightly harder, since you had to remember the exact shape of 
the object. 
36 Yes, the one with the interval was more diflBcult because it required memorizing 
the object and being able to rotate it in your head to a different view after 
memorizing it in one view. 
37 the one where the one side disappears. Harder because it takes more time 
38 The second one was more diBScult because you could not look at the main object 
and the set at the same time. However it was still fim. 
39 the second was a more chalangeing - i couldn't directly compare one piece to the 
"main" piece 
40 The one where you are moving the mouse over the pictures. Not because it made 
it difficult to remember but because scrolling the screen caused some pictures to 
flash when you didnt want them to. It was a hassle. 
41 the second one because you could not see them at the same time 
42 the first 10 on the second were harder, because they were rotated a lot different 
43 Second was a little harder because it was harder to compare due to the fact that 
the original object left when you looked at the other choices 
44 I found the first to be harder because you could not see the example or the oblect 
which you were trying to find while you were looking. 
45 Not really the interactive one was just tedious 
46 NO 
47 2nd one was harder obviously because you couldn't see both models at once. 
Furthermore, if the first match chosen wasn't correct, the second match was less 
likely to be correct since i based my second choice on my first to eliminate 
having to flip back and forth. 
48 Yes, the one where you couldn't see the original and the choices at the same time. 
It was hard to remember what the original looked like. 
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49 IT WAS HARDER WHEN THE ONE DISSAPEARED 
50 The second was much harder becuase it was hard to remember what it looked like. 
51 The one where you could only see one or the other was really hard for me to 
visualize. 
52 I found the first one a little more dijBBcult because of the switching back and forth 
of the picture 
53 Test two was much harder for me because i couldn't rely on the picture being there 
54 yes the first was harder, because you couldn't see sample and problems at same 
timne 
55 No 
56 NO, THEY ARE BOTH ABOUT THE SAME 
57 the second one , because i had to picture the part in head while moving it around. 
58 i suppose the first one that disappeared was but actually, it was already in my 
memory 
59 Yes. With out the picture for comparison it was a little more diflBcuIt. 
60 after looking at the first i got tired of looking at the black and white lines, 
sometimes i caught myself second guessing myself because of the lines, neither was 
harder than the other. 
61 The one where you couldn't see the right one and the choices because it took 
longer to find the right answer. 
62 The second test was harder than the first due to not being able to see the original 
object the entire time to be able to compare. 
63 second because of the lack of comparison 
64 The fact that the picture disappeared made it somewhat diflBcult 
65 No, one the first one you had to remember more, but then that is easier and 
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quicker anyway. 
66 The second was slightly more diflBcult because of not having the "correct" part 
being displayed all the time. 
67 no 
68 The second one was more difficult to visualize because you could not compare it 
with the example. 
69 the first one was harder because the objects were only shown for a short bit and 
then you had to visualize the orginial part and compare it to the parts given 
70 they were just as hard either way 
71 firsT test was much harder, no constant reference 
72 Yes, it was a little easier when the object that I had to match didn't disappear. 
73 the first, the pictures wouldn't switch fast enough 
74 Yes, the second one did not let you view the original view the whole time. 
75 no 
76 No, it was fairly easy. 
77 took longer on first but thought second one was little more difficult, figured out 
different tricks to getting the correct answer 
78 the one where you had to flip between the two was more challenging because you 
had to try to remember what the part looked like. 
79 #2, trying to test the old minds memory, hunh? 
80 Test two was harder because I had to keep switching back and forth between the 
two. 
82 the first one slightly but only cuz i didn't figure out the pattern in it. 
83 No not really. The second was harder on the eyes though. 
84 The second test was easier because you could look at the example and all the 
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choices at once. 
85 the second because i didn't have anything to compare it to. 
86 no 
87 The second one was a bit harder because I couldn't get all the drawings on my 
screen at once, I had to use the scroll bar to see the farthest right drawing 
everytime 
88 the first one was harder because it didn't show the original model at all times. 
89 well, the second one was trickier, but after finding the first answer I used it rather 
than switching back and forth to find the second. 
90 Both seemed about the same but # 2 was a little bit easier because all figures were 
on the screen at the same time to look at. 
91 No I didn't 
92 Yes, the sample always disappeared for quick reference 
93 the second seemed a little harder just because there was more time spent 
comparing 
94 Views diappeared 
95 When you could only see one or the other was more diflBcult 
96 no 
97 The second one was harder because it was difficult to remember how the part 
looked. 
98 The Second spatial visualization test was harder, because of trying to remember 
the object and the feature. 
99 THE SECOND TEST WAS HARDER BECAUSE I DID NOT HAVE A 
PERMANENT REFERENCE TO REVIEW & COMPARE. MY SOLUTION 
WAS TO COMPARE IT TO ONE OF THE ANSWERS AND USE 
IT AS A REFERENCE. 
100 They second was more difBcult because it flasehed too much. A normal person 
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wouldn't be able to gues when it was going to blink and probably didn't become 
adjustd to this until the later part of the test. 
101 No 
102 not sure 
103 The first was more difficult because I developed a method by the time I had 
reached the second. 
104 No. It was all hard to me! 
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APPENDIX E: RAW DATA 
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Phase lA Completion Times and Scores 
Subject IDNumber Treatment P-Score P-Time C-Score C-Time 
1 P-C 40 5 40 6.04 
2 P-C 40 14 40 13.09 
3 P-C 34 12 38 8.18 
4 P-C 38 5 40 7.44 
5 P-C 36 14 38 6.38 
6 P-C 40 10 40 7.14 
7 P-C 38 10 40 9.11 
8 P-C 40 7 34 4.31 
9 P-C 32 8 32 9.19 
10 P-C 40 9 40 7.13 
11 P-C 34 9 36 12.39 
12 P-C 34 10 40 11.38 
13 P-C 32 8 32 7.58 
14 P-C 26 10 32 9.34 
15 P-C 36 7 34 6.34 
Phase IB Completion Times and Scores 
Subject IDNumber Treatment P-Score P-Time C-Score C-Time 
1 222 P-C 38 10 40 8.11 
2 223 P-C 16 5 30 13.08 
3 224 P-C 20 15 24 14.6 
4 225 P-C 38 12 40 8.34 
5 226 P-C 38 6 40 6.28 
6 227 P-C 28 6 32 8.14 
7 228 P-C 40 8 34 8.31 
8 229 P-C 28 6 34 6.27 
10 231 C-P 28 7 28 13.29 
11 232 C-P 32 6 34 7.35 
12 234 C-P 38 7 36 10.38 
13 235 C-P 36 6 34 7.11 
14 236 C-P 34 7 34 10.42 
15 237 C-P 30 7 34 11.22 
17 239 C-P 24 9 22 8.41 
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Phase 2 
Phase 2 MRT Computer, Answers 
Sub] 
ect 
Ql Q2 Q3 qw Q5 Q6 Q7 Q8 Q9 QIO Qll Q12 Q13 Q14 Q15 Q16 Q17 Q18 Q19 Q20 
1 34 13 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 34 3 
2 13 14 12 23 13 14 24 23 24 14 24 24 24 14 24 23 12 14 24 34 
3 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
4 34 13 24 23 13 14 24 23 24 14 24 24 24 14 24 23 34 14 24 23 
5 13 14 24 23 13 14 24 23 24 14 24 24 24 13 24 12 13 14 24 23 
6 13 14 24 13 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
7 13 14 24 13 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
8 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
9 13 24 24 23 13 14 24 23 14 12 24 24 24 34 24 23 13 24 23 13 
10 13 14 24 23 13 14 24 23 24 34 24 24 24 14 24 23 13 14 34 23 
11 13 24 24 23 14 14 24 23 34 14 24 24 14 14 34 23 13 14 24 23 
12 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
13 13 14 24 23 13 14 24 23 12 14 24 24 2 14 24 23 13 14 23 23 
14 13 14 24 23 13 134 24 24 24 14 24 24 24 14 24 14 13 14 234 234 
15 12 14 14 23 13 34 24 24 24 14 24 12 24 14 24 23 13 14 34 23 
16 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
17 13 14 24 23 13 14 24 23 24 14 24 34 24 14 24 23 13 34 24 23 
18 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
19 13 14 24 23 13 14 24 23 24 14 24 24 24 14 34 23 13 14 23 23 
20 13 14 24 23 13 14 24 23 24 14 24 24 12 14 24 23 13 14 24 23 
21 13 14 24 23 13 14 24 23 24 14 24 24 24 14 23 23 13 14 23 23 
22 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
23 13 14 24 23 13 14 24 23 14 13 24 24 12 24 34 23 13 14 23 23 
24 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
25 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
26 13 14 24 23 13 24 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
27 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
28 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 24 
29 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
30 13 14 24 23 13 14 24 23 24 14 24 24 24 14 23 23 13 14 34 23 
31 13 14 24 23 13 14 24 23 24 14 24 24 24 14 34 23 13 14 24 23 
32 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
33 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
34 13 14 2 23 13 14 4 3 24 14 4 4 14 14 34 23 13 14 234 3 
35 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
36 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 13 24 23 
37 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
38 13 14 24 23 13 14 24 23 24 14 24 24 24 14 34 13 13 14 24 23 
39 13 14 14 23 13 14 24 23 24 14 24 24 12 14 23 23 13 13 23 23 
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40 24 14 24 23 13 14 24 23 24 14 24 24 24 14 34 23 13 14 34 23 
41 34 14 24 23 3 14 24 23 4 14 4 24 24 3 34 12 12 14 14 13 
42 13 14 24 23 13 14 24 23 12 14 34 24 34 14 23 23 14 14 24 23 
43 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
44 13 14 24 23 13 14 24 12 24 14 24 24 24 14 24 23 14 14 24 23 
45 23 24 24 23 13 13 24 23 24 12 24 24 24 14 34 12 12 14 34 23 
46 23 34 24 23 13 14 24 23 24 14 23 24 14 12 34 23 14 24 24 14 
47 13 124 14 13 13 14 24 23 24 14 24 24 24 14 234 123 123 14 24 23 
48 13 14 24 23 24 14 24 23 14 34 24 24 24 12 34 23 14 34 24 12 
49 13 14 14 13 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
50 3 4 24 23 23 23 23 23 24 14 13 13 13 23 14 13 23 14 23 13 
51 13 14 24 23 13 14 24 2 24 14 24 24 24 14 24 23 13 14 24 23 
52 13 14 24 23 13 14 24 23 13 14 24 24 24 14 23 23 13 14 24 23 
53 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
54 13 14 24 23 13 14 24 23 24 14 24 24 24 13 24 23 13 14 23 23 
55 13 14 24 23 12 14 24 23 24 14 24 24 24 14 34 23 13 14 24 23 
56 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
57 14 14 24 23 13 14 24 23 24 34 24 24 24 24 23 23 13 14 14 23 
58 13 14 14 23 13 14 24 14 24 14 12 24 24 14 23 23 13 14 24 23 
59 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
60 12 14 12 23 13 14 24 23 24 14 24 24 34 14 24 23 13 14 24 23 
61 12 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
62 13 14 24 23 13 14 24 23 24 14 24 24 24 14 23 23 12 14 23 23 
63 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
64 14 14 24 23 13 14 24 23 14 12 24 24 24 14 24 23 13 14 24 23 
65 13 14 24 23 13 14 24 23 24 13 24 24 23 14 34 23 23 14 34 23 
66 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
67 i3 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
68 23 34 24 24 12 24 24 12 14 24 24 24 34 34 24 23 14 13 34 23 
69 13 14 24 23 13 14 24 23 24 14 24 24 23 14 23 23 13 14 24 23 
70 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
71 13 14 24 23 13 14 24 23 24 14 24 24 13 14 24 23 13 14 24 23 
72 24 34 13 13 13 23 13 14 13 24 14 12 12 23 23 13 23 23 34 13 
73 13 14 24 23 13 14 24 23 24 14 34 24 24 14 234 23 13 14 24 23 
74 14 13 12 34 24 13 34 23 14 24 24 24 12 34 24 23 14 12 34 13 
75 23 13 24 23 13 13 24 34 13 14 24 24 24 14 24 23 13 14 23 23 
76 14 34 24 23 23 23 24 23 14 24 34 13 12 34 34 23 24 34 34 23 
77 13 14 12 13 13 14 24 23 23 13 24 24 24 13 23 12 14 23 24 34 
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Phase 2 MRT Computer Dichotomized Answers 
Sutg 
ect 
Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 QIO Qll Q12 Q13 Q14 Q15 Q16 Q17 Q18 Q19 Q20 
1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 
2 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
6 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
7 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
8 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
9 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 
11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
12 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
13 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 
14 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 
15 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 
16 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
17 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
18 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
19 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 
20 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
21 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 
22 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
23 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 
24 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
25 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
26 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
27 1 1 1 1 1 1 1 1 1. 1 1 1 1 1 1 1 1 1 1 1 
28 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
29 1 1 0 0 
30 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1 
31 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 
32 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
33 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
34 1 1 1 1 1 1 1 1 0 1 1 1 0 
35 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
36 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
37 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
38 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 
39 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 
40 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1 
41 0 1 1 1 0 1 1 1 0 1 0 1 1 0 0 0 0 1 0 0 
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42 1 1 1 1 1 1 1 1 0 1 0 1 0 1 0 1 0 1 1 1 
43 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
44 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 
45 0 1 1 1 1 1 1 1 1 1 1 0 0 1 1 
46 0 1 1 1 1 1 1 1 1 1 0 0 1 0 1 
47 1 0 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 
48 1 1 1 1 1 1 1 1 1 1 0 1 0 1 
49 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
50 1 1 1 1 1 0 0 0 1 
51 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
52 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 
53 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
54 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
55 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 
56 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
57 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 
58 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 
59 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
60 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 
61 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
62 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 
63 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
64 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
65 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 
66 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
67 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
68 1 1 1 1 0 1 1 1 
69 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 
70 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
71 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 
72 0 0 1 0 0 0 0 0 
73 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 
74 0 0 0 1 0 1 1 0 1 1 0 
75 0 0 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 0 1 
76 0 0 1 1 0 1 1 0 0 0 0 0 0 0 1 0 0 0 1 
77 1 1 0 0 1 1 1 1 0 0 1 1 1 0 0 0 0 0 1 0 
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Phase 2 MRT Computer Times 
Subject Time 
1 8.08 
2 6.85 
3 9.66 
4 7.91 
5 6.6 
6 5.07 
7 10.5 
8 6.15 
9 7.8 
10 9.57 
11 7.S3 
12 6.9 
13 9.82 
14 5.07 
15 13.17 
16 12.18 
17 5.77 
18 13.42 
19 7.23 
20 7.5 
21 12.48 
22 6.17 
23 11.87 
24 10.5 
25 12.53 
26 6.93 
27 13.18 
28 15 
29 11.28 
30 15 
31 10.42 
32 10.17 
33 14.25 
34 15 
35 15 
36 13.02 
37 14.82 
38 14.65 
Subject Time 
39 9.48 
40 11 
41 9.17 
42 10-6 
43 7.15 
44 8.27 
45 9.2 
46 7.13 
47 8.1 
48 13.42 
49 7.33 
50 6-63 
51 8.5 
52 5.08 
53 9.25 
54 7.8 
55 7.08 
56 5.75 
57 7.9 
58 8.07 
59 6.03 
60 10.27 
61 5.93 
62 10.22 
63 15 
64 12.38 
65 9.08 
66 5.15 
67 9.88 
68 5.57 
69 5.72 
70 6.37 
71 14.98 
72 14.85 
73 6.57 
74 14.15 
75 9.57 
76 7.97 
77 11.63 
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Phase 2 MRT Memory Answers 
Subj 
ect 
Qi Q2 Q3 Q* Q5 Q6 Q7 Q8 Q9 QIO Qll Q12 Q13 Q14 Q15 Q16 Q17 Q18 Q19 Q20 
1 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
2 13 14 24 23 13 14 24 23 24 14 24 24 24 14 34 23 13 14 23 23 
3 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
4 13 14 24 13 23 14 23 24 24 14 24 24 24 14 24 23 13 14 24 23 
5 13 14 24 23 13 14 24 23 24 14 24 24 14 14 24 23 14 14 24 23 
6 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
7 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
8 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
9 13 14 24 13 23 14 23 24 13 34 24 24 24 14 24 13 13 23 24 23 
10 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
11 13 14 24 23 34 14 24 23 14 23 24 24 24 23 24 23 13 14 24 23 
12 13 14 14 13 23 14 23 24 24 14 24 24 24 23 34 23 13 14 
13 13 14 24 23 13 14 24 23 24 14 23 24 14 24 23 13 14 23 
14 13 14 24 23 13 14 24 23 24 14 23 24 24 14 14 23 13 14 24 23 
15 13 14 14 13 23 14 23 24 24 14 2 2 24 14 24 23 1 4 24 23 
16 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
17 13 14 24 23 13 14 24 23 12 13 14 34 24 14 24 23 13 14 23 13 
18 34 23 13 23 24 13 24 13 24 23 13 24 14 24 24 13 24 13 14 24 
19 13 14 24 13 23 14 23 24 13 14 24 24 24 14 24 23 13 14 24 23 
20 13 14 14 23 13 14 24 13 24 14 24 24 24 14 24 23 13 14 24 23 
21 13 14 24 23 13 14 24 23 24 14 24 24 24 14 3 23 13 14 24 23 
22 13 14 24 13 23 14 23 24 24 24 24 24 24 14 24 23 13 14 24 23 
23 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
24 13 14 24 23 13 14 24 23 24 34 24 24 24 14 24 23 13 14 24 23 
25 13 14 24 23 24 14 24 23 13 14 24 24 24 14 23 23 12 1 34 23 
26 13 14 24 23 24 23 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
27 13 14 24 23 13 14 24 23 24 14 24 24 24 14 23 23 13 14 24 23 
28 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
29 24 14 24 13 23 14 23 24 13 14 24 24 24 14 23 23 13 14 24 23 
30 23 23 24 23 13 14 24 23 13 12 24 24 24 14 23 23 13 14 34 23 
31 24 14 24 13 23 14 23 24 13 34 24 12 24 14 23 13 34 23 23 23 
32 13 14 24 23 13 14 24 23 24 14 24 24 24 13 24 13 24 14 24 23 
33 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
34 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
35 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
36 13 14 24 13 23 14 23 24 24 14 24 24 24 14 24 23 13 14 24 23 
37 13 14 12 13 23 14 23 24 24 14 12 24 24 14 23 23 0 
38 13 14 24 13 23 14 23 24 24 14 12 24 24 14 24 23 13 14 24 23 
39 13 14 24 23 13 14 24 23 34 14 24 24 24 14 24 23 13 14 24 24 
40 13 14 24 23 13 14 24 23 24 14 24 24 2 14 24 23 13 14 24 23 
41 13 14 24 23 13 14 24 23 24 14 24 24 24 14 23 23 13 14 24 23 
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42 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
43 13 14 24 13 23 14 23 24 24 14 24 24 24 14 23 23 13 14 23 34 
44 13 14 24 13 23 14 23 24 24 14 24 24 24 14 23 23 13 14 24 23 
45 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 12 14 24 23 
46 12 34 14 13 23 14 23 24 23 13 24 24 14 24 24 23 14 14 24 23 
47 13 14 24 13 23 14 23 24 24 13 24 24 24 14 24 23 13 14 234 23 
48 13 13 2 13 23 14 23 24 24 14 24 24 24 14 34 23 13 14 24 23 
49 13 13 14 23 13 14 24 23 13 23 24 24 24 14 24 23 13 14 24 23 
50 13 14 24 3 13 4 2 3 4 14 4 4 2 14 24 23 13 23 24 
51 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
52 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
53 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
54 13 14 24 13 23 14 23 24 24 14 24 24 24 14 24 23 13 14 24 23 
55 3 4 2 1 4 3 2 2 3 4 4 3 3 3 3 2 4 3 4 3 
56 13 14 24 13 23 14 23 24 24 14 24 24 24 14 24 23 13 14 34 23 
57 13 14 24 13 23 14 23 24 24 24 34 24 24 14 34 23 13 14 24 23 
58 14 14 24 23 13 24 24 23 12 14 24 24 13 14 34 12 34 14 23 23 
59 13 13 14 23 12 14 24 23 24 23 24 24 24 14 23 23 13 13 34 12 
60 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
61 13 14 24 13 23 14 23 24 24 14 24 24 24 14 24 23 13 14 14 23 
62 13 14 24 23 13 14 24 23 24 24 4 24 24 14 24 23 13 14 34 23 
63 13 14 24 23 13 14 24 23 13 14 24 24 13 14 24 23 13 14 34 23 
64 24 34 12 24 34 24 12 34 13 24 14 13 13 23 24 13 23 13 12 14 
65 13 14 24 13 23 14 23 24 34 14 24 24 24 14 234 23 13 14 23 23 
66 13 14 24 23 13 14 24 23 24 14 24 24 24 14 24 23 13 14 24 23 
67 23 12 12 13 34 34 23 24 14 24 24 24 12 13 24 34 14 13 14 12 
68 13 14 24 23 13 14 24 23 24 13 24 24 24 14 24 23 13 14 24 23 
69 13 23 24 12 23 14 23 24 14 34 24 24 12 13 24 23 34 13 23 23 
70 13 12 24 23 13 23 24 23 24 14 24 24 14 12 34 23 12 24 34 34 
71 14 13 24 23 14 14 24 23 23 13 24 13 34 12 13 34 23 13 24 13 
72 24 13 134 12 24 14 14 23 14 24 13 234 13 13 14 14 34 12 123 134 
73 12 14 24 23 13 14 24 23 34 24 12 13 24 14 24 23 12 13 24 14 
74 23 23 23 12 34 13 14 14 14 24 14 12 24 23 24 13 24 24 34 12 
75 13 14 24 23 13 14 14 23 24 14 24 24 24 14 24 23 13 14 24 23 
76 23 23 14 13 12 23 13 24 12 24 24 24 12 23 34 24 23 23 24 23 
77 23 12 12 12 34 23 12 12 34 12 12 23 14 12 34 12 23 3 23 12 
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Phase 2 MRT Memory Dichotomized Answers 
Subj 
ect 
Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 QIO Qll Q12 Q13 Q14 Q15 Q16 Q17 Q18 Q19 Q20 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1 
3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
4 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 
5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
6 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
7 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
8 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
9 1 1 1 0 1 1 1 1 1 1 1 1 1 
10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
11 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1 1 1 
12 1 1 0 1 1 1 1 1 1 0 0 1 1 1 
13 1 1 1 1 1 1 1 1 1 1 0 1 0 0 
14 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 1 1 
15 1 1 0 1 1 1 0 1 1 1 1 1 1 
16 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
17 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 
18 1 0 1 0 1 0 1 1 
19 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 
20 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 
21 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
22 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 
23 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
24 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
25 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 
26 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
27 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
28 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
29 0 1 1 0 1 0 0 1 1 1 1 1 0 1 1 1 1 1 
30 0 1 1 1 1 1 1 0 1 1 1 1 0 1 1 1 1 
31 0 1 1 0 1 0 0 1 1 1 0 1 
32 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
33 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
34 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
35 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
36 1 1 1 0 0 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 
37 1 1 0 0 1 0 0 1 1 1 1 1 1 
38 1 1 1 0 0 1 0 0 1 1 1 1 1 1 1 1 1 1 1 
39 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
40 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 
41 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 
42 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
43 1 1 1 0 0 1 0 0 1 1 1 1 1 1 0 1 1 1 0 0 
44 1 1 1 0 0 1 0 0 1 1 1 1 1 1 0 1 1 1 1 1 
45 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
46 0 0 1 0 0 0 1 1 1 1 1 1 1 
47 1 1 1 0 0 1 0 0 1 0 1 1 1 1 1 1 1 1 0 1 
48 1 0 0 1 0 0 1 1 1 1 1 1 1 1 1 1 1 
49 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 
50 1 1 1 0 1 0 0 1 1 1 1 1 1 
51 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
52 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
53 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
54 1 1 1 0 0 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 
55 0 0 0 0 0 0 0 
56 1 1 1 0 0 1 0 0 1 1 1 1 1 1 1 1 1 1 0 1 
57 1 1 1 0 0 1 0 0 1 0 1 1 1 0 1 1 1 1 1 
58 1 1 1 1 1 1 1 1 1 1 0 1 0 1 
59 1 1 0 1 1 1 1 0 1 1 1 1 0 1 1 0 
60 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
61 1 1 1 0 0 1 0 0 1 1 1 1 1 1 1 1 1 1 0 1 
62 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1 
63 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 0 1 
64 0 0 0 0 0 0 1 0 
65 1 1 1 0 0 1 0 0 0 1 1 1 1 1 1 1 1 0 1 
66 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
67 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0 
68 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 
69 1 0 1 0 0 1 0 0 0 0 1 1 0 0 1 1 0 0 0 1 
70 1 0 1 1 1 1 1 1 1 1 1 0 0 0 1 0 0 0 0 
71 0 0 1 1 0 1 1 1 0 0 1 0 0 0 0 0 0 1 0 
72 0 0 0 Q 1 0 1 0 0 0 0 0 0 0 0 0 0 0 
73 0 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 0 0 1 0 
74 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 
75 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 
76 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 1 1 
77 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Phase 2 MRT Memory Times 
Subject Time 
1 9.16 
2 9.43 
3 12.25 
4 11.62 
5 8.6 
6 5.32 
7 11.33 
8 8.63 
9 10.85 
10 11.13 
11 13.58 
12 9.27 
13 15 
14 5.77 
15 9.73 
16 13.57 
17 6.55 
18 14.13 
19 5.82 
20 9.82 
21 15 
22 5.6 
23 11.15 
24 12.18 
25 14.53 
26 8.58 
27 11.77 
28 10.6 
29 3.47 
30 14.28 
31 11.65 
32 8.38 
33 14.37 
34 15 
35 15 
36 13.02 
37 16.38 
38 2.92 
39 14.18 
Subject Time 
40 8.12 
41 11.25 
42 14.7 
43 9.67 
44 12.87 
45 10.02 
46 7.73 
47 13.17 
48 15 
49 15 
50 11.65 
51 15 
52 10.55 
53 13.63 
54 12.13 
55 10.87 
56 11.02 
57 14.27 
58 12.43 
59 9.87 
60 12.18 
61 10.55 
62 11.02 
63 15 
64 11.43 
65 12.82 
66 11.83 
67 15 
68 10.17 
69 10.28 
70 10.05 
71 11.9 
72 13.85 
73 10.08 
74 7.98 
75 9.65 
76 9.25 
77 11.62 
77 11.63 
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